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ABSTRACT 

The  use  of  s  dissipative  dielectric  material  to  effectively 
suppress  the  spurious  responses  of  low-pass  and  band-pa&s  filters 
is  described.  Data  describing  the  frequency  behavior  of  the 
attenuation  constant,  permeability,  and  permittivity  of  a  number 
of  cielectric  materials  are  presented.  Filter  design  procedures 
indicting  construction  of  impedance  matching  tapers  are  discussed. 
Several  examples  of  the  use  of  dissipative  filter  techniques  are 
given. 

The  use  of  dielectric  materials  to  reduce  the  size  of 
resonators  in  the  KF  region  is  considered.  Some  measurements  of 
the  relative  shielding  effectiveness  of  lossy  dielectric  materials 
are  presented. 

A  technique  of  rapid  insertion  loss  measurement  is  outlined. 
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1.  INTRODUCTION 


Tests  of  communications  equipment,  made  under  the  spectrum 
signature  measurements  program  have  revealed  a  large  number  of 
spurious  responses  in  operational  receivers.  Similarly, 
significant  levels  of  spurious  radiation  from  operational 
transmitters  have  been  measured.  Low-pass  and  bandpass  filters 
offer  a  straightforward  means  of  improving  the  interference 
characteristics  of  these  transmitters  and  receivers.  The  use  of 
such  filters  is  a  particularly  attractive  method  cf  protecting 
operational  equipments,  since  the  additional  interference 
rejection  they  provide  can  generally  be  obtained  without  the 
necessity  of  making  extensive  modifications  to  the  equipment 
being  protected. 

In  many  instances,  conventional  filters  have  serious  spurious 
responses.  In  addition,  many  of  these  filters  have  excessively 
large  physical  dimensions,  particularly  at  KF. 

The  work  to  be  described  in  this  report  is  primarily 
concerned  with  techniques  for  producing  filters  with  low  spurious 
response  levels  and  small  physical  dimensions.  The  techniques 
developed  involve  the  use  of  dielectric  materials  with  frequency 
sensitive  loss  characteristics  and  slow  propagation  velocities. 
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2.  DISCUSSION 


2.1  Control  of  Filter  Spurious  Responses 

If  interference  suppressin  filters  are  to  be  .completely 
effective  in  supplying  the  required  interference  rejection,  iu  is 
necessary  thao  the  attenuation  of  the  filters  be  high  at  frequencies 
outside  the  desired  passband.  Unfortunately,  many  conventional 
reactive  filters  commonly  used  to  provide  interference  rejection  do 
not  meet  the  high  stop-band  attenuation  requirement.  Instead,  they 
exhibit  regions  of  relatively  low  attenuation  which  sometimes  coincide 
with  a  spurious  response  or  spurious  emission  if  the  equipment  being 
protected.  In  many  instances,  the  inherent  reactance  versus  frequency 
behavior  of  the  elements  from  which  conventional  filters  are  constructed 
strongly  favors  the  production  of  multiple  passbanas  in  the  filters' 
transfer  functions.  For  example,  the  inductances  and  capacitances  of 
conventional  short  line  coaxial  filters  are  formed  by  short  transmission 
line  sections  of  the  proper  characteristic  impedance.  Since  the 
reactance  of  these  transmission  lines  are  periodic  functions  of 
frequency,  there  is  an  inherent  periodicity  in  the  passband  and  stop- 
band  characteristics  of  such  filters.  The  periodic  frequency  behavior 
of  a  typical  low-pass  filter  attenuation  function  is  shown  in  Figure  i. 
For  many  applications,  the  rapid  cutoff  slope  and  the  relatively  wide 
stop-band  between  the  first  cutoff  frequency  and  the  first  spurious 
passband  of  such  a  filter  are  quite  satisfactory,  but  for  RFI  applica¬ 
tions  the  multiple  spurious  passbands  of  such  a  filter  are  unacceptable. 
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One  method  of  avoiding  these  spurious  passbands  is  to  employ 
a  dissipative  mechanism  to  produce  the  desired  Jew-pass  character¬ 
istic.  The  required  frequency  sensitive  attenuation  esn  be  provided 
by  a  coaxial  line  in  which  the  dielectric  space  between  the  center 
a  \d  outer  conductors  has  been  filled  with  a  material  whose  attenua¬ 
tion  constant  is  an  increasing  function  of  frequency. 

The  frequency  sensitivity  of  the  attenuation  constam  of  the 
dielectric  material  arises  primarily  from  the  inability  of  the 
elementary  electric  and  magnetic  dipoles  which  make  up  the  dielectric 
material  to  follow  instantaneously  the  electric  and  magnetic  fields 
applied  to  the  dielectric.  The  effect  c*  the  time  lag  of  the  electric 
and  magnetic  dipoles  with  respect  tc  the  applied  fields  can  be 
expressed  in  terms  of  a  complex  permeability  and  complex  permittivity 
of  the  dielectric.  Hence, 


(1) 


and 


* 

e 


€ 

o 


(2) 


To  illustrate  how  the  complex  permittivity  can  account  for  a  loss 
component,  consider  the  impedance  of  a  simple  parallel  plate  capacitor 
The  impedance,  Z£,  is 


Z 

c 


^  =  jJ*/d 


(5) 


k 


where  A  is  the  area  of  one  of  the  plates  and  d  is  the  spacing 
between  the  plates.  Rationalizing  the  denominator  gives 


This  impedance  has  a  resistive  component  of 


which  can  account  for  any  dissipation  in  the  dielectric  of  the 
capacitor.  Likewise,  for  an  inductance,  the  impedance  is  propor¬ 
tional  to  the  permeability  of  the  magnetic  medium  on  which  the  coil  is 

4 

wound.  Consequently, 

\  -  joiL  =  jcuku*  =  jcuk  (p^,  -  jp^)  =  jchkp^  +  tnkp^  ,  (6) 

where  k  is  a  proportionality  constant.  Again,  there  is  a  resistive 

term,  cukp^,  which  accounts  for  dissipation  in  the  magnetic  medium. 

*  * 

The  connection  between  p  and  €  and  the  magnetic  and  electric 
dipoles  of  a  dielectric  medium  is  treated  in  more  detail  in 
Appendix  A,  where  the  propagation  factor  of  a  TTU  wave  in  a  medium 
with  complex  permeability  and  complex  permittivity  is  derived  and 
the  attenuation  constant,  a,  of  the  TEM  wave  is  shown  to  be 


a  = 


r  ’] 

|(  12.85) (10-10)  f 


l/2 


+  &u)d  +  6J)  "  1+  Vef  Wcm 


(7) 


where  f  is  the  frequency  in  ops,  and  5^  and  5^  are  the  magnetic 
and  dielectric  loss  tangents  respectively.  The  quantities  &  and 

r 

5^  are  defined  by 


(8) 

(9) 


The  factor  f,  in  Equation  (7),  indicates  a  rising  attenuation  with 
increasing  frequency  as  long  as  the  parameters  of  the  dielectric 
material  remain  constant.  However,  the  relative  dielectric  constant 
and  relative  permeability  of  most  materials  are  decreasing  functions 
of  frequency,  and  an  overriding  increase  in  the  loss  tangents  must 
occur  if  Equation  (7)  is  to  reproduce  the  experimentally  observed 
low-pass  attenuation  function.  Table  1  gives  seme  typical  values'^ 
of  the  constants  of  a  dielectric  material  formed  by  suspending  an 
iron  powder  in  an  epoxy  binder.  If  the  data  of  Table  1  is  substi¬ 
tuted  in  Equation  (7),  the  resulting  loss  versus  frequency  function 
is  that  shown  in  Figure  2.  Also  shown  in  Figure  2  is  the  measured 
loss  of  a  coaxial  line  section  filled  with  the  iron  dielectric 


material.  The  experimental  and  calculated  values  are  ir.  good 
agreement  at  low  valuee  of  attenuation,  with  the  divergence  bet  teen 
measured  and  calculated  values  increasing  as  the  attenuation  r-.ses. 

The  divergence  cf  the  two  curves  of  Figure  2  can  be  assi  .,-ned, 
in  part,  to  errors  in  the  values  of  the  material  constants  given 
in  Table  1.  In  addition,  seme  of  the  excess  of  the  measured  atten¬ 
uation  over  that  calculated  can  be  attributed  t<">  the  increasingly 
poor  impedance  match  at  the  input  to  the  lossy  line  section  as  fre¬ 
quency  increases.  Since  the  characteristic  impedance  of  the 

/  *  * *.l b 

coaxial  line  is  proportional  to  (p  /e  )  ,  it  can  he  inferred  from 

the  data  of  Table  1  that  a  significant  variation  of  both  the  magni¬ 
tude  and  angle  of  the  characteristic  impedance  takes  place  over  the 
frequency  range  0.1  Gc  to  10  Gc,  with  a  resulting  increase  in  the 
measured  insertion  loss  of  the  coaxial  line  due  to  reflections  at 
the  input  and  load  terminals  of  the  line. 


TABLE  1 

MATERIAL  CONSTANTS 


Frequency 

5^ 

6 

e 

H _ 

e 

100  me 

0 

-  0.0375 

4.7 

20.0 

1000 

0 

0.043 

4.C 

19-0 

15C0 

0.16 

0.044 

5.6 

19.0 

3000 

0.2 

0.045 

5-4 

19.0 

10000 

0.5 

0.048 

2.2 

18.5 
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2.1.1  Loss  Characteristics  of  Dielectric  Materials 
A  large  amount  of  data  was  collected  on  a  variety  of 
materials  to  determine  their  suitability  for  use  in  lossy  trans¬ 
mission  line  filters.  A  standard  test  procedure  was  used  to 
facilitate  the  intercomparison  of  the  loss  properties  of  the 
materials  tested.  The  standard  test  was  conducted  by  measuring 
the  attenuation  versus  frequency  characteristics  of  a  standard 
length  of  coaxial  transmission  line  whose  dielectric  space  had 
been  filled  with  the  lossy  dielectric  material.  This  method  of 
testing  was  selected  because  it  closely  approximates  the  configu¬ 
ration  in  which  the  lossy  dielectric  material  would  be  used  in 
many  practical  applications.  The  standard  coaxial  test  section 
used  consisted  of  a  7*2  cm  long  brass  outer  conductor  with  an 
inside  diameter  of  O.56  inches  and  a  solid  copper  center  conductor 
0.102  inches  in  diameter.  Type  N  coaxial  fittings  were  placed  at 
each  end  of  the  test  section  to  provide  connections  to  a  50  ohm 
insertion  loss  measuring  system-.  Procedures  for  the  preparation 
of  the  lossy  dielectric  material  as  well  as  for  construction  of 
the  transmission  line  sections  are  treated  in  more  detail  in 
Section  No.  2,1.10. 

The  loss  data  obtained  on  the  various  materials  tested  is  pre¬ 
sented  in  the  form  of  attenuation  versus  frequency  curves.  These 
curves  permit  the  loss  per  unit  length  of  transmission  line  at  a 

given  frequency  to  be  easily  calculated  by  dividing  the  loss  read 

* 

from  the  curves  by  the  length  of  the  test  sample.  Sioco  the 
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and  e  are  different  for  the  several  materials  tested,  the 
r 

characteristic  impedance  of  the  standard  test  sections  varies,  and 
a  variable  amount  of  reflection  loss  is  introduced  at  the  inter¬ 
face  between  the  50  ohm  test  system  and  the  test  specimen.  At 
frequencies  where  the  dissipation  losses  in  the  transmission  line 
are  large,  the  effect  of  these  reflection  losses  is  relatively 
minor  and  the  attenuation  constant  of  the  material  can  be  obtained 
directly  from  the  curves.  However,  at  frequencies  where  the  dissi¬ 
pation  losses  are  small,  the  reflection  losses  may  predominate  and 
the  true  propagation  constant  of  the  dielectric  material  cannot  be 

determined  directly  from  the  standard  attenuation  curves.  In  this 

/ 

case,  the  correct  value  of  the  attenuation  constant  can  be  obtained 
by  subtracting  the  reflection  loss  from  the  value  shown  on  the 
attenuation  curve  for  the  material  in  question.  The  proper  amount 
to  be  subtracted  can  be  obtained  from  the  relation 

1^  =  40  log1Q  +  1/2)  -  10  log1Q  'ib  .  (10). 

Equation  (10)  accounts  for  the  reflection  loss  at  both  the  input 
rad  output  Interfaces  of  the  test  sample  but  does  net  take  into 
account  the  effect  of  multiple  reflections.  For  the  values  of  the 
attenuation  constant  encountered  in  the  dielectric  materials  studied, 
the  effect  of  multiple  reflections  is  negligible.  r4  derivation  of 
Equation  (10)  is  given  in  Appendix  B. 


10 


2. 1,1.1  Carbonyl  Iron 

The  curves  shown  in  Figure  3  summarize  the  results 

obtained  for  a  dielectric  materiel  composed  of  carbonyl  iron  and 

* 

epoxy.  The  ratios  given  on  each  curve  are  the  ratios  by  weight  of 
iron  to  epoxy.  By  varying  the  iron  to  epoxy  ratio,  the  attenuation 
at  a  given  frequency  can  be  yaried  over  a  wide  range.  The  carbonyl 
iron  material  is  well  suited  for  use  in  lossy  filters  whose  pass- 
bands  extend  to  the  UHF  region  since  the  loss  of  the  lossy  trans¬ 
mission  can  be  made  low  over  the  passband  region  by  using  a 
sufficiently  short  line  section  or  by  limiting  the  mix  ratio  to  a 

low  value.  Although  the  loss  increases  in  rough  proportion  to  the 

__  *■ 

amount  of  iron  used,  the  attenuation  is  not,  in  general,  a  linear 
*  < 

function  of  the  mix  ratio,  hut  varies  in  the  manner  shown  in 
Figure  4.  From  a  practical  viewpoint,  mix  ratios  in  the  range 
from  2:1  to  6:1  are  the  most  useful  because  the  iron  and  epoxy 
mixture  becomes  quite  thick  at  high  mix  ratios,  while  the  epoxy 
losses  tend  to  overshadow  the  iron  losses  at  ratios  much  below  2:1. 

The  carbonyl  iron  powder  used  in  forming  the  test  sections 
was  Grade  "s"  and  was  obtained  from  the  General  Aniline  and  Film 
Corporation.  The  average  particle  size  of  the  rtE,r  grade  carbonyl 
iron  powder  is  in  the  neighborhood  of  8  microns.  Two  other  grades 
of  carbonyl  iron  containing  slightly  smaller  particles  are  avails 
able.  These  two  grades  are  designated  as  Grade  SF  and  Grade  TH. 
For  both  these  grades^  the  average  particle  size  is  about  k 
microns.  The  use  of  smaller  particles  in  the  lossy  dielectric 
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Figure  4.  Insertion  Loss  as  a  Function  of  Mix  Ratio- 
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material  reduces  the  attenuation  at  lower  frequencies  for  a  given 
mix  ratio,  but  increases  the  attenuation  slope  somewhat  -at  fre¬ 
quencies  where  the  attenuation  is  high.  Although  this  steeper 
attenuation  slope  is  o  desirable  property,  the  slight  improvement 
gained  by  use  of  the  smaller  particles  is  outweighed  in  most 
situations  by  the  considerably  higher  .c.ost  of  the  SF  and  TH  grades 
of  carbcnyl  iron.  Attenuation  curves  for  6:1  "e"  an3  6:1  TH  test 
sections  are  shown  in  Figure  5  to  illustrate  the  effect  of  the 
smaller  IB  grade  particles  on  attenuation. 

2. 1.1. 2  Ferrites 

Attenuation  measurements  were  made  on  lossy  dielectric 
materials  prepared  with  different  grades  of  ferrite  powders.  These 
grades  were  General  Ceramics,  Inc.  ferrite  powders  T-l,  0-5,  H, 

Q-l  and  Q-3-  Each  powder  was  formed  in  a  4:1  ratio  by  weight  with 
epoxy  and  used  to  fill  the  dielectric  space  of  a  short  coaxial 
line  section.  The  results  of  attenuation  measurements  made  on 
these  line  sections  are  shown  in  the  curves  of  Figure  6.  Generally, 
the  curves  exhibit  the  same  general  behavior  as  that  of  the  car¬ 
bonyl  iron,  but  with  two  major  exceptions.  First,  large  attenuations 
are  encountered  at  much  lower  frequencies,  indicating  that  the 
powdered  ferrite  materials  are  suitable  for  the  construction  of 
lossy  sections  at  much  lower  frequencies  than  is  practical  with 
carbonyl  iron.  The  second  distinguishing  feature  of  the  curves  is 
the  peak  of  attenuation  that  occurs  in  the  neighborhood  of  6  Gc. 
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FREQUENCY  IN  Gc 

Figure  6.  Ferrite  Loss  Characteristics . 
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Though  the  full  peak  is  shewn  only  for  the  Q- 3  curve,  the  low  values 
of  attenuation  of  0-3  and  H  materials  at  frequencies  between  9  Gc 
and  10  Gc  indicate  that  a  peak  of  attenuation  for  both  materials 
occurs  in  the  region  near  6  C-c.  The  data  is  insufficient  to  deter¬ 
mine  if  such  a  peak  exists  for  T-l  and  Q-l  materials  because  the 
high  values  of  attenuation  exceed  the  sensitivity  of  the  measuring 
equipment.  Shorter  sections  were  constructed  using  the  ferrite 
materials  so  that  the  overall  attenuation  was  lower  and  the  presence 
or  absence  of  the  attenuation  peak  could  be  determined.  The  data 
obtained  on  the  shorter  samples  verified  the  existence  of  a  single 
attenuation  peak  for  the  0-3  and  H  materials  in  the  vicinity  of  6 
Gc  with  the  peak  for  the  T-l  material  occurring  above  10  Gc. 
Fortunately,  the  attenuation  at  10  Gc  is  still  quite  high  for  the 
ferrite  filled  lines  and  no  serious  degradation  in  the  ability  of 
ferrite  filters  to  suppress  spurious  signals  would  be  expected.  If 
for  some  reason  the  attenuation  at  frequencies  above  6  Gc  is  not 
sufficient  to  obtain  the  necessary  suppression  of  spurious  signals, 
a  short  section  of  carbonyl  iron  dielectric  material  placed  in  cas¬ 
cade  with  the  ferrite  section  could  preside  the  necessary  increase 
in  attenuation  above  6  Gc  without  adding  any  appreciable  insertion 
loss  at  low  frequencies. 

2. 1.1. 3  Mill  Scale 

Another  material  tested  for  use  as  a  lossy  dielectric 
was  an  iron  oxide  formed  in  the  processing  of  wrought  iron.  This 
material  is  called  mill  scale  and  was  supplied  by  the  A.  M.  Byers 

17 


Steel  Company.  In  powdered  form,  mi]2  scale  is  nonconductive  and  has 
a  lew  frequency  dielectric  constant  of  approximately  1 6  and  a 
relative  permeability  of  2.  The  curve  of  Figure  7  summarizes  the 
attenuation  data  taken  on  a  dielectric  material  formed  with  a  4:1 
ratio  of  mill  scale  to  epoxy.  The  curve  shows  a  fairly  steep  tran¬ 
sition  from  low  loss  to  high  loss  and  relatively  low  losses  at 
frequencies  under  500  Me.  The  original  mill  scale  powder  as 
received  from  the  H.  M.  Byers  Company  contained  a  wide  range  of 
particle  sizes.  The  distribution  of  particle  sizes  was  determined 
by  passing  the  powder  through  a  series  of  sieves.  The  results  of 
this  screening  process  are  given  in  Table  2.  When  these  data  are 
plotted  on  the  standard  probability  scale  of  Figure  8,  the  resulting 
straight  line  plot  indicates  a  normal  distribution  of  particle  sizes. 


TABLE  2 

RESULTS  OF  SCREENING  OF  A 
LARGE  QUANTITY  OF  MILL  SCALE 


Sample  No. 
1 
o 


3 

4 

5 


Sample  Weight 
24-7  gms 
561  gms 
I54l  gms 
4l8  gms 
228  gms 


Size  Range 

d  <  44  p 

149  .1  >  d  >  44  u 
500  p  >  d  >  44  p 
840  p  >  d  >  500  p 

2000  p  >  d  >  500  p 
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Figure  7.  Mill  Scale  Loss  Versus  Frequency. 
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e  Particles 


In  order  to  evaluate  the  effects  of  particle  size  on  attenuation, 
test  samp3.es  of  lossy  mill  scale  material,  were  prepared  for  each 
of  the  particle  size  ranges  shown  in  Table  2,  and  insertion  loss 
measurements  were  made  on  each  of  the  samples.  A  sample  was  also 
prepared  using  mill  scale  with  particle  diameters  in  the  range  of  0 
to  10  microns.  The  small  particle  material  was  produced  by  tumbling 
a  portion  of  the  sieved  material  in  a  ball-mill.  The  resulting  loss 
characteristics  for  six  different  particle  sizes  are  shown  in 
Figures  9  and  10. 

2 .1.1. 4  Ron-Ferrous  Powders 

Lossy  line  sections  were  constructed  using  several  non- 
ferrous  materials  in  an  effort  to  uncover  other  materials  which 
might  have  loss  characteristics  superior  to  those  measured  for  the 
carbonyl  iron.  The  materials  tested  were  cohalt,  nickel,  aluminum, 
copper  and  titanium  dioxide.  All  of  these  materials  were  obtained 
in  finely  powdered  form,  prepared  in  a  2:1  ratio  by  weight  of 
material  to  epoxy,  and  suspended  in  the  epoxy  binder  in  the  same 
fashion  as  that  previously  used  for  the  other  dielectric  materials. 
Atypical  loss  curves  for  the  materials  tested  as  well  as  a  loss 
curve  for  a  2:1  mix  ratio  of  carbonyl  iron  to  epoxy  are  shown  in 
Figures  H  and  12.  The  loss  curves  indicate  that  the  iron  material 
has  a  low-pass  loss  characteristic  which  is  superior  to  all  the 
ether  materials  tested.  Rot  only  is  the  cutoff  attenuation  slops 
of  the  iron  higher,  but  the  low  frequency  attenuation  is  lower. 
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Figure  9»  Effect  of  Particle  Size  on  Loss. 
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FREQUENCY  IN  8c 


Figure  13..  Loss  of  Fon-Ferrous  Materials. 
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The  three  magnetic  materials  testae.  show  a  direct  dependence  of  the 
attenuation  slope  on  the  permeability  of  the  material  indicating 
that  the  steeper  loss  characteristics  may  be  attributed  to  the 
additional  magnetic  losses. 

2.1.1. 5  Other  Ferrous  Materials 


attenuation  versus  frequency  characteristics  of  these  materials 
are  given  ir„  Figures  13  through  IT*  Several  of  the  materials  have 
characteristics  similar  to  those  of  the  carbonyl  iron  and  the 
ferrite  materials.  For  example,  the  loss  of  Glidden  material 
number D-290  is  quite  similar  to  xhat  of  carbonyl  iron.  Also  the 
loss  of  Olidd.en  material  number  M-lSO  closely  matches  that  of  the 
"H”  grade  f  *r*  ie.  In  both  cases,  it  appears  that  the  two  Glidden 
materials  should  make  satisfactory  replacements  for  the  carbonyl 
iron  or  ferrite  materials. 

2.1.2  Measurement  of  Permeability  and  Permittivity 

A  knowledge  of  the  pyrometers,  and  of  the  lossy 
dielectric  2s  irscessa^y  tc  properly  select  the  dimensions  of  a 
transmission,  liai  filter.  An  accurate  knowledge  of  these  parameters' 
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Figure  l4.  Loss  of  Iron  Oxide  and  Iron  Flakes  Versus  Frequency. 
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FREQUENCY  IN  Gc 

Figure  l6.  Loss  of  Electrolytic  Iron  and  Iron  Oxide 
Versus  Frequency. 
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is  most  important  at  frequencies  in  the  filter  passband  if  the 
passband  insertion  loss  is  to  be  minimized.  On  the  other  hand, 

-ft 

detailed  knowledge  of  i*  and  at  frequencies  in  the  filter  stop- 

band  is  of  lesser  importance  since  the  mismatch  losses  represent 

only  a  small  fraction  of  the  total  stop-band  loss.  Since  the  pass- 

band  regions  of  the  filters  considered  were  generally  in  the 

region  below  1  Gc,  the  measurements  of  p^  and  er  were  restricted 

in  most  instances  to  the  region  below  2  Gc,  although  sane  of  the 

carbonyl  iron  mixtures  were  measured  to  4  Gc. 

*  * 

An  examination  of  the  literature  of  p  and  e  measurements 

2*  r 

indicated  that  the  thin  sample  technique  is  widely  used  for  micro- 
wave  measurements.  In  this  technique,  an‘ el ectricslly  thin  sample 
of  material  is  placed  in  a  transmission  line;  first  in  a  region  of 
predominantly  electric  field,  and  then  in  a  region  of  predominantly 
magnetic  field.  The  sample  is  positioned  in  a  high  electric  field 
region  by  terminating  the  sample  with  an  open  circuit.  Practically, 
this  is  accomplished  by  positioning  a  short  circuit  X/4  frcm  the 
sample.  The  predominantly  magnetic  field  condition  at  the  sample 
position  is  obtained  by  terminating  the  sample  with  a  short  circuit. 
The  input  impedance  of  the  sample-filled  portion  of  the  transmission 
line  is  measured  for  both  the  open  and  short  circuit  conditions. 

aX*  "ft 

From  the  impedance-  data,  p  and  can  be  calculated  using  the 
intermediate  relations 


32 


and 


(12) 


Zc  is  the  normalized  characteristic  impedance,  with  respect  to  50 

ohms,  of  th&t  portion  of  the  coaxial  transmission  line  containing 

the  material  under  test.  The  quantities,  Z  and  Z  are  the  nor- 

sc  oc 

maiized  short  and  open  circuit :3nput  impedances  existing  at  the 
face  of  the  test  sample.  The  propagation  constant  cf  the  section 
of  line  containing  the  dielectric  material,  is  y  and  l  is  the  length 
of  the  sample.  The  complex  relative  permeability,  and  relative 

■Jr 

dielectric  constant,  o^,  are  evaluated  from  the  relationships 


and 


* 
u 
'  r 


(13) 


(14) 


where  XQ  «  free  spice  wavelength. 

die  thin  sample  technique  assumes  that  measurements  are  made 
of  a  dielectric  sample  whose  thickness  is  much  less  than  the  elec¬ 
trical  wavelength  inside  the  material.  It  is  difficult  to  estimate 
the  wavelength  inside  the  material  being  tested  until  some  knowledge 
of  and  has  been  established.  The  difficulty  in  estimating 
the  electrical  thickness  of  the  sample  was  avoided  by  observing 


33 


the  shift  it  the  slotted  line  mail  pattern  when  the  sample  was 
inserted.  A  sb.  ft  in  the  null  pattern  of  X/l6  or  less,  indicated 
that  the  sample  was  electrically  thin. 

dcae  Insight  into  the  reasoning  behind  the  x/l6  criterion  can 
be  gained  iron  Figure  18.  The  top  of  the  figure  shows  a  standing 
wave  pattern  illustrating  the  •variation  of  the  electric  and  mag¬ 
netic  fields,  with  distance  along  the  transmission  line.  The 
distance  between  null  points  is  equal  to  one-half  wavelength.  It 
can  he  seen  that  the  two  one- sixteenth  wavelengths  that  occupy  the 
center  region  between  the  nulls  c<f  the  E  field  ore  essentially  high 
E  field  and  xow  H  field  regions.  The  lower  portion  of  the  figure 
shows  the  standing  wave  pattern  {dote- 1  curve)  that  exists  when 
the  sample  is  positioned  X/4  from  the  shorted  end  or  the  trans¬ 
mission  line.  The  distance  £  between  the  cull  points  cf  the  two 
Standing  wave  patterns  indicates  the  effect  of  the  sample.  If  the 
distance  d  does  not  exceed  X/l6,  then  the  portion  of  the  standing 
wave  pattern  that  exists  inside  the  sample  is  less  than  x/l6,  and 
the  sample  remains  in  an  essentially  constant  &  field  and  an  essen¬ 
tially  zero  H  field.  Consequently,  only  the  dielectric  constant 
of  the  sample  is  effective  in  producing  a  shift  of  the  null  pattern. 

The  sample  holder  shown  in  Figure  19  was  constructed  for  use 
with  the  precision  slotted  line. ■  This  holder  was  designed  with 
type  H  connectors  to  mate  with  the  slotted  line.  The,  movable  short 
is  connected  at  the  sample  end  of  the  holder  end  is  capable  of  being 
positioned  as  close  as  desired  to  the  sample.  The  short  in  moved  by 

3^ 
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Piscars  18.  stsMing  Wave  Patterns. 
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(a)  CUTAWAY  VIEW  OF  SAMPLE  HOLDER. 


(fa)  CUTAWAY  VIEW  OF  MOVABLE  SHORT, 
figure  19.  Sample  Holder  and  Movable  Short. 


\ 
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the  use  of  a  thread**-;  center  conductor  which  mates  with  the  sample 
holder.  Good  electrical  contact  with  the  short  circuit  is  assured 
by  providing  a  pin  on  the  shorting  plug  which  fits  tightly  in  the 
center  conductor,  while  contact  with  the  outer  conductor  is  assured 
by  tightening  the  plug  down  with  a  threaded  sleeve  on  the  outer 
conductor.  The  threaded  sleeve  also  pulls  the  movable  short  tightly 
against  the  sample  holder.  Values  of  VSWR  for  the  unloaded  holder 
in  excess  of  IOC  wars  measured  at  frequencies  up  to  h  Gc,  indicating 
that  the  holder  had  low  losses. 

#  * 

Over  400  different  measurements  of  pr  and  were  made  using 

the  equipment  setup  shewn  in  Figure  20.  Representative  results  of 

these  tests  are  presented  in  Tables  3  through  6.  Scans  of  the  data 
*  * 

obtained  on  u  and  €  was  erratic .  While  seme  of  the  data  points 


could  be  eliminated  on  the  basis  cf  errors  in  the  dat3  acquisition, 
othtr  variations  could  not  be  easily  explained.  At  practically  every 
test  frequency,  at  least  two  and,  when  available,  three  sample 
thicknesses  were  measured,  but  close  agreement  between  the  samples 
was  not  always  obtained.  A  particular  sample  thickness  did  not 
always- behave  uniformly  with  frequency.  Many  of  the  measurements 
were  repeated  at  widely  separated  times  to  evaluate  the  results  of 
measurement  variations.  Generally,  normal  measurement  error  did 
not  explain  all  the  variations  cb  served.  The  mosu  consistent  results 


were  obtained  with  the  measurements  of  the  carbonyl  iron  samples. 
Figure  21  shows  the  characteristic  behavioi  of  and  e  of  carbonyl 
iron  up  to  2  Gc. 


37 


53 


The  data  shews  that  the  dielectric  constant  values  have  a 
greater  variation  than  the  permeabilities.  Since  the  measured  value 
of  the  dielectric  constant  is  more  sensitive  to  small  gaps  between 
the  sample  and  its  holder  than  the  relative  permeability,  the  effect 
of  errors  in  sample  positioning  would  he  expected  to  he  greater  on 
the  dielectric  constant  measurements  than  on  the  permeability 
ueasureme'" 

Another  _<uree  cf  error  is  the  violation  of  the  thin  sample 
criterion.  The  parameters  of  the  absorDing  mixtures  make  the 
electrical  thickness  much  greater  than  the  physical  thickness  and 
it  is  the  electrical  thickness  wh:’ch  uu-.t  be  thin  with  respect  to 
the  wavelength.  At  the  higher  test  frequencies,  the  physical  thick¬ 
ness  of  the  samples  must  he  very  small,  vbic-h  creates  two  additional 
problems.  One  Is  the  lack  of  physical  strength  of  the  sample  which 
causes  both  machining  end  handling  to  be  difficult  without  breakages. 
The  other  problem  is  related  to  the  technique  used  to  make  the 
samples.  Bubbles  generated  in  the  mixing  of  the  lossy  powder  and 
epoxy  are  difficult  to  completely  remove  frem  the  material  before 
the  hardening  process  begins  so  that  small  voids  are  created  in  the 
dielectric  material.  The  effect  of  these  voids  become?  significant 
in  very  thin  samples  where  they  may  result  in  holes  which  extend 
completely  through  the  sample. 

The  reduction  of  the  raw  data  taken  with  a  slotted  line  or  an 
tap-dance  bridge  to  produce  values  of  and  e  .  j  a  time  consuming 
process  which  is  subject  to  numerical  error.  In  order  to  speed  up 


ko 


i 

I 
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this  computation  process,  a  computer  program  was  written  to  produce 
*  # 

values  of  u  and  e  from  the  Impedance  data,  fu?  program  evaluated 
r  r 

Equations  (ll)  and  (12)  in  terms  of  the  slotted  line  data.  These 
results  were  then  substituted  in  Equations  (13)  and  (l4)  to  produce 
the  printout  in  terms  of  p",  e^,  and 

TABLE  3 

PERMEABILITY  AND  PERMITTIVITY  OF  CARBONYL  IRON  MATERIALS 


2:1  E 

U! 

*r 

jL 

e ' 
r 

100  Me 

2.38 

0.00 

8.85 

0.66 

200 

2.95 

0.00 

7-55 

0.60 

300 

2.78 

0.15 

3.73 

0.51 

400 

2.57 

0.10 

8.67 

0.46 

500 

2.63 

0.23 

9-12 

0.48 

TOO 

2.49 

0.32 

9.70 

0.49 

1000 

2.45 

0.43 

9.89 

0.38 

1200 

2.70 

0.52 

10.22 

0,36 

1500 

2.62 

0.69 

9.H 

0.28 

1700 

2.58 

0.94 

6.52 

0.20 

2000 

2.60 

0.76 

5.99 

0.31 

4:1  E 

100  Me 

5.56 

0.00 

12,81 

1.12 

200 

3.T 

0.01 

10.87 

1.00 

300 

3.71 

0.26 

11.87 

0.82 

400 

3-53 

0.27 

11.60 

O.76 

500 

3.51 

0.43 

12.27 

0  84 

TOO 

3.34 

0.52 

12.96 

0.87 

2ABLE  3  (Continued.) 


1000 

4.05 

0.83 

13.66 

0.68 

1200 

3-65 

1.10 

12.39 

0.45 

1500 

4.25  . 

1.35 

13.34 

0.31 

1700 

4.00 

1.50 

11.58 

0.49 

2000 

3.51 

1.26 

9.54 

0,69 

6:1  E 

100  Me 

4.93 

0.00 

19.17 

0.96 

200 

5.21 

0.00 

16.77 

0.00 

300 

5.00 

0.46 

19.48 

0.88 

4oo 

4.74 

0.54 

18.97 

0.71 

500 

4.69 

0,71 

19:26 

0.93 

600 

4.63 

0.83 

19.32 

0-93 

700 

4.60 

o.93 

19.47 

0,93 

800 

4.52 

1.05 

19.29 

0.88 

1000 

4.53 

•  1.10 

19.71 

1.53 

1200 

4.24 

2,74 

15.56 

2.67 

1500 

4.45 

2.08 

15.85 

0.25 

1700 

4.44 

2.25 

15-02 

0.05 

2000 

4.14 

0  IV 
i 

14.46 

0.31 

6:1  SF 

100 

4.71 

0.00 

18.78 

l.ll 

200 

4.78 

0.01 

16.51 

0.86 

300 

4.71 

0.26 

1-3.22 

1.09 

400 

4.58 

0.33 

17.55 

1.03 

500 

4.58 

0,37 

17-94 

1.09 

6oo 

4.38 

0.52 

18.24 

1.03 

700 

4,42 

0.61 

18,60 

1,09 

6oo 

4.35 

0-73 

18.58 

I.05 

1000 

4.45 

0.-94 

l3»8l 

1.2$ 

1200 

4,60 

1.57 

16. 4T 

O.38 

4g 
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1500 

4.68 

1.69 

18.38 

Oc96 

1700 

4.48 

1.77 

17.41 

1.18 

2000 

4.03 

1.64 

15.97 

1.97 

6:1  TH 

100  Kc 

4.60 

0.00 

16.88 

0.73 

200 

4.70 

0.21 

.'.4.74 

0.66 

300 

4o47 

0.29 

16.37 

0.68 

400 

4.22 

0.34 

16.29 

0.66 

500 

4.87 

0.53 

19.82 

0.92 

600 

4.69 

o.59 

20.24 

0.93 

TOO 

4.72 

0.68 

20.64 

0.81 

800 

4.50 

0.79 

20.55 

0.84 

1000 

4.i6 

1.07 

20. 4l 

0.70 

TABLE  4 

PERMEABILITY  AND  PEfiMUTrnTr  OF  FERRITE  MATERIALS 


4:1  0-3 

_r_ 

n" 

*r 

e1 

r 

e" 

400  He 

3  ’10 

1.31 

7.97 

2.44 

600 

3.^9 

1.60 

7.44 

2.30 

800 

3.54 

1-75 

7.48 

2.08 

1000 

2.44 

1.79 

7.17 

2,08 

4:1  Q-l 

.  400  Me 

3.64 

1,00 

8.17 

0,28 

600 

3.44 

1-19 

6.38 

0.33 

800 

3.62 

1.27 

'  5.4o 

0,53 

1000 

2.66 

1.6l 

6.12 

0.33 

U-3 


TABLE  4  (Continued) 


4:1  Q-3 


400  Me 

2.8l 

0.89 

5- S3 

0.68 

600 

2.74 

1,09 

5-27 

0.25 

800 

2-97 

1.19 

5-37 

0.19 

1000 

2.44 

I.29 

5.44 

0.33 

4:1  T-l 

400  Me 

4.18 

4.01 

16.18 

1.16 

600 

4.46 

2.4l 

17.52 

1.9-0 

800 

3-90 

3.18 

15.05 

i.59 

1000 

2.81 

2.78 

16.85 

1.84 

TABLE  5 

PERMEABILITY  AMD  PEEMTTIVITY  OF  MILL  SCALE  MATERIALS 


MS  Ho.  1 

n: 

X 

v-l 

C  * 

r 

400  Me 

1.92 

O.13 

15.00 

0.83 

600 

1.54 

0.26 

i4.n 

0.74 

800 

1.58 

0.18 

15.56 

0.78 

1000 

1.68 

0.24 

15.16 

1.05 

MS  No.  2 

400  Me 

1.93 

C.17 

17.50 

3.58 

600 

1.67 

0.12 

16.59 

3.15 

800 

1.55 

0.15 

15.52 

1.06 

1000 

1.68 

0.37 

11.81 

0.8l 

MS  Ho.  3 

400  Me 

2.32 

0.21 

19.31 

0.58 

600 

2.15 

0.06 

15.26 

1.52 

800 

2o5 

0.20 

13.46 

1.07 

1000 

2.?8 

0.31 

17.74 

1.52 

MS  No.  V 

400  Mo 

1 .74 

0.32 

16.82 

1.97 

600 

1.43 

0.55 

14.77 

1.52 

800 

1.44 

0,30 

17.72 

1.93 

1000 

1.68 

0.44 

16.59 

2.03 

MS  No.  5 

400  Mo 

1.58 

0.42 

17.59 

1.62 

600 

1.45 

0.43 

13.37 

1.18 

800 

1.36 

0.47 

13.31 

1.24 

1000 

1.5c 

0.59 

14.84 

1.92 

45 


TABLE  6  (Continued) 


Cobalt 


1000  Me 

1-5 

-0.19 

12.3 

-0.04 

700 

1.5 

-0.20 

8.9 

•o,o4 

500 

1.6 

-0.19 

10.5 

-o.o4 

Nickel 

700  Me 

1.2 

-0.35 

14.2 

-0.03 

500 

1.5 

-0.31 

12.3 

-0.03 

Titanium  Dioxide 

1000  Me 

6.6 

-0,03 

700 

8.9 

-0.01 

500 

4.5 

-0.03 

2. leg  Design  of  Tapers 

■ft  * 

Because  the  |i  and  e  of  the  dielectric  material  are  in 
r  r 

a  different  ratio  than  that  of  air,  it  is  necessary  to  change  the 
dimensions  of  the  coaxial  line  inside  the  dielectric  filled  region 
to  avoid  an  impedance  discontinuity  at  the  boundary  Between  the 
air  and  the  dielectric  material.  The  proper  values  for  the  dimen¬ 
sions  of  a  50  ohm  coaxial  line  with  a  dielectric  material  between 
the  center  and  outer  conductors  can  be  computed  from  the  relation 


where  r^  and  r^  are  the  radii  of  the  outer  and  inner  conductors 


respectively.  The  values  of  pr  and  of  the  carbonyl  irca 
material  vary  with  frequency,  uni  the  characteristic  impedance  of 
the  lossy  line  section  is  not  constant.  Tbe  permeability  falls 
more  rapidly  with  increasing  frequency  than  the  dielectric  constant 
so  that  the  characteristic  impedance  falls  to  low  values  at  v*»r y 
high  frequencies..  A  typical  frecuency  variation  of  the  input  VSHR 
cf  a  section  whose  dimensions  were  chosen  to  produce  a  low  fre¬ 
quency  characteristic  impedance  of  50  ohms  is  shown  in  Figure  22(a). 
An  improvement  in  the  match  at  high  frequencies  can  be  obtained 
by  employing  e  shore,  linear  caper  of  the  dielectric  material  of  the 
form  shown  in  J^gure  22(b)  rather  than  an  abrupt  change  from  air  to 
the  lossy  dielectric.  Notice  that  the  VSWh  curve  of  Figure  22(b) 
shows  e.  considerable  improvement  at  frequencies  above  3  Gc  for 
this  length  of  taper.  The  improv  emex t-  results  from  the  tact  that 
reflections  from  the  mismatched  region  where  the  dielectric 
completely  fills  the  coaxial  line,  are  attenuated  in  the  short 
tapered  section.  However,  the  low  frequency  passband  has  a  large 
VSWR  o “cause  the  diameter  of  the  center  conductor  in  the  tapered 
section  is  too  small  to  provide  a  5°  ohm  match  in  the  passband 
region.  Some  improvement  in  the  low  frequency  V3WR  can  bo 
obtained  by  continuing  the  center  conductor  through  tne  taper  with 
the  same  diameter  that  was  used  in  the  air  line.  Nevertheless, 

1 

appreciable  low  frequency  reflections  axe  obtained  from  the  tapered 
section  since  tbe  characteristic  impedance  of  this  sc.  ion  is 
continually  changing  over  the  length  of  the  taper.  These  reflections 
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Figure  22.  Effect  of  Taper  on  73WR. 


are  not  dissipated  in  the  taper  because  the  losses  in  the  dielectric 
material  are  low  at  frequencies  in  the  filter  passband.  The  behavior 
of  the  input  impedance  for  the  case  where  the  center  conductor  is 
continued  through  the  taper  with  same  diameter  as  was  used  in  the 
air  line  is  illustrated  by  the  VSWR  curve  of  Figure  22(c).  It  is 
possible  to  maintain  both  a  stop-band  and  passband  match  by  taper¬ 
ing  the  diameter  of  the  center  conductor  over  the  length  of  the 
taper  of  the  dielectric  material.  Appendix  C  outlines  a  procedure 
for  determining  the  center  conductor  taper  required  to  provide  a 
passband  impedance  of  50  ohms  at  every  point  along  the  center  con¬ 
ductor  over  the  length  of  the  taper  of  the  dielectric  material. 
Stop-band  impedance  matching  is  obtained  by  the  dissipation  of 
reflections  in  the  linear  taper  of  the  dielectric,  material.  A 
cross  sectional  view  of  a  taper  designed  by  the  procedure  of  Appendix 
C  is  shown  in  Figure  25 .  The  VSWR  curve  of  Figure  22(d)  illustrates 
the  considerable  improvement  in  passband  impedance  match  that  can 
be  obtained  with  such  a  taper. 

The  machining  of  the  center  conductor  taper  is  a  relatively 
complicated  process  and  a  linear  approximation  can  he  used  to  pro¬ 
duce  a  more  economical  design  approximating  the  desirable  impedance 
characteristics  of  the  more  complicated  taper.  A  cross  section  of 
the  linear  taper  is  shown  in  Figure  2b  along  with  the  input  VSWR  of 
the  linearly  tapered  line  section  as  a  function  of  frequency. 

Fotice  that  except  for  the  region  around  10  Gc,  results  equivalent 
to  those  obtained  with  the  complicated  taper  are  obtained  with  the 
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figure  2>  Cross  Sectional  Viev  of  latching  Taper. 
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Figure  24.  effect  of  Linear  Approximation  on  VSWR. 


apprc-ni-.-sttrig  taper,  indicating  that  the  linear  approximation  is 

adequate  for  most  applications. 

.'.f  a  large  number  of  filters  are  to  be  constructed,  it  would 

prot  &M,/  be  more  economical  to  oust  rather  than  to  machine  the 

c..°;?tv.- r  conductor  in  the  desired  shape  and  to  injection-mold  the 

dielectric  material  in  the  desired  taper  in  the  dielectric  space 

between  the  center  and  outer  conductors.  In  this  case,  it  would 

«« 

probably  be  best  to  construct  the  molds  in  the  more  complicated 
tapered  shape  to  get  best  performance. 

2.1.4  Filter  Design  Procedure 

Typical  applications  of  lossy  filters  might  be  to 
su  press  a  high  order  harmonic  output  from  a  transmitter  or  tc 
reject  out  of  band  signals  appearing  near  a  spurious  response  of 
a  receiver.  In  either  case,  the  filter  is  required  to  produce  a 
certain  minimum  attenuation  at  all  frequencies  higher  than  some 
given  frequency.  For  example,  suppose  a  minimum  attenuation  of 
30  db  was  required  at  1  Gc  to  protect  e  receiver  tuned  to  100  Me 
from  interference  generated  by  a  nearby  radar  transmitter.  Refer¬ 
ring  to  Figure  p,  it  is  determined  that  the  standard  J.2  cm  length 
of  a  6:1  E  grade  carbonyl  iron  material  will  provide  23  db  atten¬ 
uation  at  1  Gc.  The  length,  i,  required  for  pO  db  attenuation  is 
then 


£■  =  (50/23)  (7.2)  -  9  4  cm 


(lS) 
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The  passband  insertion  loss  is  also  given  by  Figure  3  as  approx- 

« 

imately  0.3  do  for  7*2  cm.  The  reflection  loss  correction  is, 
from  Equation  (lO), 


Lr  =  los10 


"Y  k • 93/19* IT  +  1/2] 


-  10  log. 


10 


(W 


•95)/l9-l7j  *  0 


(17) 


The  passband  loss,  Lp^,  of  a  9*4  cl  length  is  therefore  equal  to 


1^  =  (9A/7.2)(0.5)  =  0.65  db 


(18) 


If,  instead  of  carbonyl  iron,  a  mill  scale  material  had  been 
selected,  say  a  4:1  ratio  with  No.  k  size  particles,  the  loss  of 
a  7*2  cm  section  at  1  Gc  is  given  by  Figure  10  as  19*5  db.  The 
required  length  is  then 

l  *  (30/19* 5) (7* 2)  =  11.1  cm  .  (19) 

The  pacsband  reflection  loss  correction  is  computed  using  Equation 

(lO).  From  Table  5,  the  values  for  and  at  400  Me  are  = 

1,74  and  e1  =  16.8.  Since  the  values  of  p{  and  e*  are  relatively 
r  r  r 

constant  below  400  Me,  the  400  Me  values  are  assumed  to  held  at  100 
Me.  Consequently,  the  reflection  loss  correction  is 
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»  4o  iog10 ( "V i .  74/16 8  +  1/2) 


-10  log10  (4) (1.74) (16. 8)  =  0.4  db  .  (2Q) 

From  Figure  10,  the  loss  of  the  standard  section  at  100  Me  is  4.0 
db.  Therefore,  the  actual  passband  loss  of  the  standard  line  under 
matched  conditions  is 

JpB  =  4.0  -  0.4  =  3.6  db  ,  (21) 

t 

for  a  11.1  cm  length,  the  total  passband  loss  is 

^(Totol)  “  tll-l/T.2)(3.6)  -  5.6  ®  •  (22) 

The  dimensions  of  the  center  and  outer  conductors  must  be  modified 
from  those  used  in  the  standard  test  section  if  the  passband  loss 
of  5*6  db  is  to  be  obtained.  Using  Equation  (15)  gives 

r  (5/6)  (^16.8/1.74’)  (2.59) 

~~  =  e  =  e  -  13.4  .  (23) 

2 

Since  the  outer  conductor  of  the  standard  section  mates  veil  vith 
type  N  fittings,  the  outer  conductor  should  be  held  fixed  and  the 
radius  of  the  inner  conductor  reduced  until  the  correct  ratio  of 
dimensions  is  obtained.  The  required  inner  conductor  radius  is 
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-10  log  Q  (4)(l.74)(l6.8)  =  O.k  db  .  (2Q) 

From  Figure  10,  the  loss  of  the  standard  section  at  100  Me  is  ^.0 
db-  Therefore,  the  actual  passband  loss  of  the  standard  line  under 
matched  conditions  is 


1*3  ='  k-°  -  O'*  -  3-6  al>  - 

for  a  11-1  cn  length,  the  total  passband  loss  is 


(21) 


^(Total)  *  (H-1/T.2K3.6)  -  5.6  * 


(22) 


The  dimensions  of  the  center  and  outer  conductors  must  be  modified 
from  those  used  in  the  standard  test  section  if  the  passband  loss 
of  5*6  db  is  to  be  obtained.  Using  Equation  (l5)  gives 


(5/6)  (^16.8/1. 7*0 


(2.59) 

=  13.4 


(23) 


Since  the  outer  conductor  of  the  standard  section  mates  veil  with 
type  N  fittings,  the  outer  conductor  should  be  held  fixed  and  the 
radius  of  the  inner  conductor  reduced  until  the  correct  ratio  of 


dimensions  is  obtained.  The  required  inner  conductor  radius  is 


Tg  =  0.28/13.4  =  0.0203  inches 


(24) 


The  necessary  radius  is  closely  approximated  by  that  of  a  No.  18  gauge 
bare  copper  wire.  The  resulting  design  of  a  low-pass  lossy  line 
section  is  sketched  in  Figure  25. 

2.1.3  Cascading  Lossy  and  Reactive  Filters 

For  many  low-pass  filter  applications,  attenuation  slopes 
such  as  those  shown  in  Figure  3  are  net  sufficiently  steep,  and  a 
conventional  reactive  filter  must  be  used  in  cascade  with  the  lossy 
line  section  to  supply  a  steeper  attenuation  characteristic.  The 
combination  of  the  conventional  reactive  filter  and  a  lossy  section  can 
provide  an  overall  characteristic  which  has  the  rapid  cutoff  slope  of 
the  reactive  filter  as  well  as  the  high  stop-band  attenuation  of  the 
lossy  section.  In  addition  to  the  desirable  stop-band  attenuation 
performance,  the  combined  filter  also  has  a  stop-band  impedance  which, 
except  for  the  region  near  the  cutoff  frequency  of  the  reactive 
filter,  is  set  by  dissipation  in  the  lossy  dielectric  material 
rather  by  the  reflection  coefficient  of  the  reactive  filter. 

Although  in  most  applications  the  reactive  input  impedance  of 
a  filter  in  the  region  near  cutoff  is  no  particular  disadvantage, 
it  is  sometimes  necessary  that  the  filter  input  impedance  he  resistive 
over  the  entire  pass  and  stop-bands.  In  such  a  circumstance,  com¬ 
pensation  for  the  mismatch  at  the  input  terminals  of  the  reactive 
low-pass  filter  can  he  obtained  by  placing  a  terminated  high-pass 
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“  (Ho.  18  Gauge  Copper  Wire) 

(i<:l  Mill  Scale  vitb  #  2  Particles) 


Figure  25*  Lossy  Line  Filter  Design  Example. 


filter  in  parallel  with  input  cerminals  of  the  low-pass  filter, 
o 

It  has  been  shown  that  the  use  of  a  But.cerworth  attenuation  func¬ 
tion  in  the  design  of  both  the  low-pass  and  hi^h-pass  reactive——  " 
filters  can  produce  the  required  compensation  of  the  reactive  com¬ 
ponent  of  the  input  impedance  of  the  low-pass  filter. 

When  a  lossy  line  section  is  used  in  cascade  with  a  conven¬ 
tional  low-pass  filter,  the  passband  insertion  loss  can  be  minimized 
by  the  proper  choice  of  the  dielectric  material.  However,  there  is 
always  some  passband  loss  introduced  by  the  loss^  dielectric.  Such 
passband  losses  can  be  reduced  by  designing  the  reactive  riltcr  to 
have  as  wide  a  region  as  possible  between  the  low-pass  cutoff  fre¬ 
quency  and  the  first  spurious  passband,  so  that  a  minimum  of  lossy 
material  is  needed  to  provide  the  required  stopband  attenuation. 

An  example  of  the  improvement  in  stop-band  attenuation  that 
can  be  gained  by  preceding  a  reactive  filter  with  c  lossy  line 
section  is  illustrated  in  Figure  2 6.  Figure  25i'a)  shows  the  per¬ 
formance  of  a  typical  reactive  low-pass  filter  constructed  with 
lumped  constant  elements.  The  rapid  cutoff  at  too  Me  is  followed 
by  a  high  attenuation  region  between  too  Me  and  3  but  at 
frequencies  above  3  Oc,  the  attenuation  3s  greatly  reduced.  If 
the  same  .<.ow-pass  filter  is  preceded  by  a  5  cm  section  of  coaxial 
line  whose  dielectric  space  is  filled  with  a  6:1  ratio  of  iron  to 
epoxy  dielectric  material,  the  attenuation  characteristic  is  altered 
to  that  shown  in  Figure  26(b).  The  addition  of  the  lossy  section 
has  increased  the  passband  attenuation  only  slightly,  but  the 
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stop-band  attenuation  has  been  increased  to  greater  than  60  db. 

Figure  27  illustrates  the  application  of  a  lossy  line  section 
to  the  suppression  of  spurious  responses  of  a  bandpass  filter.  The 
frequency  response  of  a  typical  single  cavity  coaxial  filter  is 
shown  in  Figure  27(a).  Although  the  main  response  of  the  filter 
exhibits  the  desired  narrow  pessband,  the  low  attenuation  at  fre¬ 
quencies  above  1  Gc  renders  the  filter  almost  useless  for  the 
rejection  of  signals  at  frequencies  in  this  region.  When  the 
cavity  filter  is  combined  with  a  lew-pass  reactive  filter  and  a 
short  section  of  lossy  line,  the  required  high  attenuation  at 
frequencies  outside  the  desired  passb&nd  is  obtained,  as  shown  in 
Figure  27(b).  The  reactive  low-pass  filter  is  used  to  suppress  the 
large  response  at  600  Me,  since  the  attenuation  slope  of  the  lossy 
section  is  not  sufficiently  high  to  give  a uy  appreciable  attenua¬ 
tion  at  600  Me  without  producing  a  significant  increase  in  the 
insertion  loss  at  the  tuned  frequency  of  200  Me.  However,  the 
reactive  low-pass  filter  alone  is  not  sufficient  to  suppress  the 
almost  continuous  passband  of  the  cavity  filter  at  frequencies 
above  1  Gc,  since  the  low-pass  filter  itself  has  regions  of  low 
attenuation  in  tue  same  frequency  range.  Consequently,  the  com¬ 
bination  of  all  three  filters,  i.e.,  the  bandpass  filler,  the 
low-pass  filter,  and  the  lossy  line  section,  is  necessary  to 
produce  the  desired  stop-band  performance. 
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Figure  27.  Preselector  Los«?  Characteristics. 
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2.1.6  Integrated  Filters 

In  seme  instances>  the  cascading  of  a  lossy  line  section 
with  a  conventional  reactive  filter  results  in  a  filter  whose 
dimensions  may  be  unwieldy.  In  these  situations,  a  considerable 
reduction  in  filter  size  can  be  obtained  by  filling  the  dielectric 
space  in  a  conventional  coaxial  filter  with  a  lossy  material.  This 
dimensional  reduction  is  really  twofold.  First,  because  the  neces¬ 
sity  of  providing  separate  lossy  and  reactive  filters  is  avoided, 
and  second,  because  the  permeability  and  dielectric  constant  of  the 
dielectric  material  increases  the  per  u_J.t  inductance  and  capacitance 
of  the  reactive  filter  sections.  Seme  idea  of  the  size  reduction 
obtained  with  this  technique  is  shown  in  the  photograph  of  Figure 
28  which  shows  a  conventional  low-pass  reactive  filter  and  an 
integrated  filter  of  slightly  lower  cutoff  frequency.  The  cutoff 
attenuation  slopes  of  the  two  filters  are  approximately  the  same, 
but  the  shorter  filter  displays  superior  stop-band  performance. 

One  disadvantage  of  combining  the  lossy  and  the  reactive 
sections  into  cne  integral  filter  is  that  the  stop-band  input 
impedance  is  no  longer  set  by  the  dissipation  losses  in  the  dielec¬ 
tric  material  as  was  the  ease  when  the  lossy  section  was  separate 
fress  and  preceded  the  reactive  filter.  Instead,  the  stop-band 
input  impedance  is  essentially  reactive  since  an  input  signal 
encounters  a  reactive  element  of  the  filter  before  any  appreciable 
loss  takes  place.  If  both  small  size  and  matched  stop-band  input 
impedances  are  important,  a  compromise  is  possible  in  which  a  short 
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tapered  section  of  lossy  material  is  placed  >  s  .usd  ire  input  center 
conductor  of  the  filter  to  provide  an  adequate  stop-bard 
with  additional  material  being  placed  around  the  reactive  element, s 
of  the  filter  to  provide  high  stop-band  attenuation.  If  the 
overall  passband  attenuation  of  the  filter  is  to  be  kept  as  small 
as  when  no  lossy  material  is  placed  on  the  input  center  conductor, 
a  reduction  in  the  ratio  of  iron  to  epoxy  is  -  icessary  in  order  to 
provide  a  smaller  passband  attenuation  per  unit  length  due  no  the 
lossy  material. 

2.1.7  Balanced  Transmission  Line  Applications 

The  use  of  the  carbonyl  iron-epoxy  material  to  provide  a 
frequency  sensitive  attenuation  characteristic  is  readily  applicable 
to  balanced  as  well  as  to  coaxial  transmission  lines.  Several  300 
ohm  transmission  3.ine  sections  were  prepared  by  placing  a  section 
of  300  ohm  "twin  lead"  in  a  mold  and  pouring  the  lossy  mixture 
around  it.  A  typical  insertion  loss  curve  for  a  "twin  lead"  trans¬ 
mission  line  with  3  inch  long  and  l/8  inch  thick  coating  of  6:1 
carbonyl  iron  lossy  material  applied  is  shown  in  Figure  29(b).  A 
considerable  increase  in  attenuation  per  unit  length  is  realized 
if  the  insulation  is  removed  from  the  section  of  "twin  lead"  that 
is  to  be  coated  with  the  lossy  material.  The  effect  of  removing 
the  "twin  lead"  insulation  is  shown  by  curve  (a)  of  Figure  29.  If 
a  steeper  cutoff  attenuation  slope  than  that  provided  by  the  lossy 
section  alone  is  desired,  a  reactive  filter  filled  with  lossy 
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Figure  29.  Balanced  Transiaission  Line  Characteristics. 
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material  may  be  used.  in  a  manner  similar  to  that  already  described 
for  coaxial  systems.  A  lew-pass  filter  of  this  type  was  designed 
to  be  used  as  a  filter  for  VHP  television  sets.  The  attenuation  is 
low  throughout  the  THF-television  band  and  rises  steeply  at  fre¬ 
quencies  above' 2p0  Me.  Such  a  filter  can  serve  to  reduce  inter¬ 
ference  to  television  sets  by  high  power  sources  operating  near 
one  of  the  UHF  spurious  responses  of  a  commercial  television  set. 

The  insertion  loss  characteristic  of  the  balanced  transmission  line 
filter  constructed  ;=  shewn  in  Figure  30.  The  necessary  inductance 
for  the  filter  was  supplied  by  the  two  conductors  of  the  "twin 
lead0  with  the  insulation  removed.  Small  mica  capacitors  were 
placed  in  parallel  along  the  "twin  lead"  to  provide  the  required 
capacitance.  The  assembly  was  then  placed  in  a  thin  plastic  box 
which  served  as  a  mold  and  the  box  was  filled  with  an  iron  and 
epoxy  mixture.  This  type  of  filter  is  attractive  in  that  it  is 
simple  to  construct  and  uses  very  few  components.  ! 

2.1.8  Lossy  Filters  for  HF 

Low-pass  filters  with  cutoff  frequencies  in  the  HF  range 
often  have  spurious  passbands  in  the  low  UHF  or  high  VHF  region. 

If  a  carbonyl  iron  lossy  line  section  is  used  to  provide  significant 
attenuation  in  these  spurious  passband  regions,  the  length  of  line 
required  is  excessive.  A  more  practical  line  length  is  obtained  if 
another  dielectric  material  is  used  to  supply  the  attenuation. 

For  example,  a  T-l  ferrite  with  s  4:1  ratio  has  a  20  db  loss  at  400  Me 


65 


LIMIT  OF  MEASUREMENT 


in  a  length  of  J.2  cm.  A  decrease  in  the  physical  length  of  the 
lossy  line  section  required  to  obtain  a  given  attenuation  can  also 
he  obtained  by  coiling  the  center  conductor  of  the  line  section 
into  a  helix.  The  overall  loss  is  then  given  by  the  attenuation 
per  unit  length  times  the  total  length  of  wire  used  in  forming  the 
helix.  Another  material  which  can  produce  high  loss  at  VHF  and 
UHF  frequencies  is  the  Glidden  Company  magnetite  M-l8o.  A  6:1 
ratio  of  M-180  to  epoxy  produces  15  db  attenuation  in  a  standard 
length  at  400  Me.  If  the  construction  of  a  large  number  of  lossy 
line  sections  is  contemplated,  the  use  of  M-3.80  to  replace  the 
powdered  ferrite  should  be  considered  from  a  cost  standpoint.  At 
a  cost,  of  9  cents  per  pound  for  the  magnetite  as  compared  to  $10.00 
per  pound  of  the  ferrite  powder,  it  is  possible  that  a  significant 
per  unit  cost  reduction  can  be  obtained  by  using  the  Ml8o  material. 

The  technique  of  applying  the  lossy  line  sections  to  the 
improvement  of  KF  filters  is  essentially  the  same  as  that  used  in 
conjunction  with  UHF  filters.  The  most  direct  approach  is  the  use 
of  a  lousy  line  section  in  cascade  with  a  reactive  filter.  Proper 
selection  of  the  lossy  material  then  provides  the  desired  uniformly 
high  stop-band  attenuation  without  appreciably  Increasing  the  pass- 
band  loss.  Integrated  designs  are  also  feasible.  If  the  reactive 
low-pass  filter  is  constructed  from  lumped  circuit  elements  in  a 
container,  the  container  can  be  filled  with  the  lossy  material  to 
suppress  undesirable  UHF  and  VHF  passbands.  When  such  a  procedure 
is  used,  element  values  must  be  adjusted  to  compensate  for  the  change 
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in  the  values  of  the  components  that  takes  place  when  they  are 
surrounded  by  the  dielectric  material.  A  variation  of  this 
technique  has  been  used  with  success  by  this  project  as  well  as  by 
others.'*  Instead  of  filling  the  entire  container  with  dielectric 
material,  only  the  inductances  are  surrounded  with  lossy  material. 
Since  inductors  are  generally  the  worst  offenders  in  producing 
spurious  responses  in  a  limped  constant  filter,  the  use  of  the 
lossy  dielectric  material  around  the  inductors  greatly  reduces 
these  spurious  effects.  Care  must  be  taken  to  use  only  low 
inductance  capacitors  and  careful  shielding  between  sections  if 
this  simplified  suppression  technique  is  to  be  of  maximum  effective¬ 
ness.  Reference  3  gives  several  examples  of  successful 
applications  of  the  technique  using  commercially  available 
inductances. 


2.1.9  High  Power  Lossy  Filters 

The  effect  of  temperature  on  the  loss  characteristics 
of  a  carbonyl  iron  dielectric  material  was  examined  by  cycling  the 
temperature  of  a  lossy  line  section  over  the  temperature  range  of 
-50°  C  to  +100°  C.  Over  this  range  no  significant  changes  in  the 
loss  characteristics  were  observed. 

The  ability  of  the  lossy  material  to  operate  at  elevated  tem¬ 
peratures  without  appreciable  change  in  its  attenuation 
characteristics  suggests  its  use  in  high  power  filter  applications. 
When  the  entire  dielectric  space  of  the  transmission  line  is  filled 
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with  lossy  material,  peak  power  limi-cations  are  set  primarily  by 
the  breakdown  voltage  of  the  material  while  average  power  limita¬ 
tions  are  set  by  the  allowable  temperature  rise  in  the  material. 
Since  the  power  dissipated  in  a  homogeneous  lossy  material  varies 
exponentially  with  respect  to  distance  from  the  input  terminal, 
tvs  amount  of  lossy  material  per  unit  length  of  transmission  line 
must  vary  with  length  if  the  power  dissipated  in  each  unit  length 
of  line  is  to  be  equal.  A  convenient  means  of  equalizing  the  power 
dissipation  is  to  use  p  short  taper  at  the  input  to  the  lossy 
section  vhieh  provides  a  gradually  increasing  loss  per  unit  length. 
When  this  power  equalization  has  been  accomplished,  a  sufficiently 
long  line  must  be  used  to  provide  adequate  surface  area  to  prevent 
an  excessive  rise  in  temperature.  The  taper  also  has  the  additional 
advantage  of  providing  a  smooth  transition  from  the  air  dielectric 
to  the  lossy  dielectric  with  a  consequent  reduction  in  the  input 
VSWR. 

To  establish  the  peak  power  limitations  of  typical  lossy 
dielectric  materials,  an  examination  was  made  of  those  factors 
which  influence  the  breakdown  potential  of  the  lossy  material. 

Since  the  breakdown  potential  of  the  epoxy  binder  is  considerably 
higher  than  that  of  the  powdered  iron  alone,  it  is  reasonable  to 
expect  that  the  breakdown  potential  decreases  as  the  percentage  of 
iron  in  the  material  increases.  Hie  curve  of  Figure  31(a)  verifies 
this  expectation.  On  the  basis  of  Figure  3l(a)  it  should  be  possi¬ 
ble  to  provide  any  breakdown  voltage  less  than  the  breakdown  rating 
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of  the  epoxy  binder  by  using  a  sufficiently  low  mix  ratio*  with  the 
required  overall  attenuation  being  obtained  by  an  increased  length 
of  the  lossy  section  to  compensate  for  the  lower  loss  per  unit 
length.  However*  there  is  a  lower  limit  to  the  mix  ratio  that 
should  be  used.  This  limit  is  set  by  the  losses  of  the  epoxy 
hinder  which  tend  to  swamp  out  those  of  the  powdered  iron  when  the 
mix  ratio  is  much  below  2:1.  The  dielectric  loss  in  the  epoxy  is 
not  nearly  so  frequency  sensitive  as  that  of  the  iron  so  that  the 
cutoff  slope  of  the  frequency  versus  attenuation  characteristic  is 
appreciably  reduced  at  very  low  mix  ratios.  If  it  becomes  necessary 
to  use  mix  ratios  less  than  2:1*  a  lower  less  epoxy  should  he  used, 
•such  epoxies  are  available  but  thej  are  more  expensive  and  generally 
require  a  more  complicated  curing  schedule  than  the  Shell  Epon  828 
that  was  used  in  the  construction  of  all  the  transmission  line 
filters  tested. 

Although  Figure  3i(a)  shews  the  general  variation  of  break¬ 
down  potential  with  mix  ratio,  a  considerable  variation  of  break¬ 
down  potential  between  test  samples  of  the  same  mix  ratio  was 
noted.  Additional  tests  were  made  in  an  attempt  to  identify  the 
factors  in  the  technique  of  sample  preparation  which  might  influence 
the  dielectric  breakdown  potential.  The  two  primary  sources  of 
variation  of  the  breakdown  potential  were  thought  to  be  tbe  lack 
of  uniform  mixing  of  the  iron  and  epoxy  and  the  presence  of  small 
air  bubbles  introduced  in  the  mixing  process.  Test  samples  were 
prepared  by  filling  cylindrical  molds  with  the  lossy  dielectric 
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material.  The  samples  vere  mechanically  vibrated  for  varying 
lengths  of  time  as  the  epoxy  was  setting  up.  This  mechanical 
vibration  produced  more  complete  mixing  and  caused  the  trapped 
air  bubbles  to  rise  to  the  top  of  the  mixture.  When  the  top  layer 
was  removed,  the  remaining  sample  was  relatively  free  of  air 
bubbles.  Other  samples  were  allowed  to  harden  under  a  vacuum  to 
remove  the  trapped  hiibbl.es.  Snail  cylindrical  test  specimens 
were  machined  from  the  nest  samples  and  connecting  leads  were 
attached  with  conducting  cement.  The  sketch  of  Figure  31(c) 
shows  the  dimensions  of  a  typical  test  specimen.  A  variable  DC 
voltage  was  applies,  across  the  sample  and  the  voltage  increased 
until  breakdown  occurred.  The  results  of  tests  on  62  sanpies 
are  summarized  in  Table  J. 


TABLE  T 

RESULTS  OF  BREAKDOWN  TESTING 
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Lowest  Breakdown. 


Material 

Voltage  (kv/ cm) 

Comments 

6;1E 

- 

Carbonyl  Iron 

3-5 

Not  vibrated 

6:1E 

- 

Carbonyl  Iron 

2.9 

Vibrated  1/2  hour 

6:1£ 

- 

Carbonyl  Iron 

1.78 

Vibrated  1  h  ir 

6:1E 

- 

Carbonyl  Iron 

1-95  . 

(wider  vac  •  while 
setting  , 

6:1E 

- 

Carbonyl  Iron 

O.65 

(Heated  00  100°  C 
while  setting  up) 

4:113 

- 

Carbonyl  Iron 

3.8 

Vibraxed  1  hour 

2:1F 

- 

Carbonyl  Iron 

1.9 

Vibrated  1  hour 

6:1SF 

- 

Carboxyl  Iron 

3.8 

Not  vibrated 

- 

Carbonyl  Iron 

3.5 

Not  vibrated 

4:1 

- 

E  Ferrite 

>12 

Not  vibrated 

Although  there  was  still  sccae  variation  of  the  breakdown  potential 
between  samples  prepared  in  the  seine  manner,  the  results  indicate  that 
vibration  of  the  samples  lowers  the  breakdown  voltage.  Nevertheless, 
scene  vibration  is  necessary  to  remove  air  bubbles.  A  compromise  between 
these  factors  calls  for  thorough  stirring  of  the  iron  and  epoxy,  and 
subsequent  vibration  of  the  sample  for  one-half  hour  to  reliably  provide 
a  breakdown  exceeding  2  kv  per  inch.  The  ccaxiel  lines  normally  used 
to  construct  lousy  sections  have  a  dielectric  space  approximately  one- 
fourth  inch  vide.  Consequently,  the  breakdown  potential  of  these  lines 
should  exceed  500  volts.  On  a  matched  50  ohm  system,  500  volts  peak 
corresponds  to  an  HF  power  level  of  2.5  kv. 

It  is  also  possible  to  increase  the  breakdown  rating  of  the 
coaxial  line  section  hy  placing  an  air  gap  between  the  center  con¬ 
ductor  and  the  lossy  dielectric  material. 

•Ihe  use  of  such  an  air  gap  to  establish  the  required  voltage 
breakdown  rating  alters  both  the  characteristic  impedance  and  the 
attenuation  constant  of  the  lossy  section.  In  general,  the  effect 
of  the  gap  is  to  reduce  both  the  per  unit  capacitance  and  induc¬ 
tance.  Since  the  characteristic  impedance  is  proportional  to 
(L/C)1/2,  the  effect  of  a  small,  air  gap  is  to  raise  the  charac¬ 
teristic  impedance  over  that  of  a  line  with  no  gap.  The 
attenuation  constant  is  proportional  to  (LC)"^2,  and  the  effect 
of  the  gap  is  to  reduce  the  attenuation  constant.  The  specific 
variation  of  the  characteristic  impedance  and  attenuation  constant 
can  be  calculated  from  the  per  unit  values  of  L  and  C.  The  values 


of  L  and  C  for  a  coaxial  line  with  a  lossy  dielectric  and  the 
geometry  shewn  in  Figure  32  axe 


L 


y 


and 


C 


2t re  l 
o 


(25) 


(26) 


For  a  lossy  dielectric,  both  e r  and  are  complex  quantities. 
Under  the  assumption  that  only  the  TEM  mode  of  propagation  exists, 
the  loss  per  unit  length  is 
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Although  Equations  (ST)  and  (28)  can  be  arranged,  to  express  the 
values  of  2  .and  os  In  teres  of  n',  s',  8  *  and  6  ,  the  resulting 

O  *  2r  £  |A 

expressions  are  very  cumbersome,  and  it  is  simp] er  to  calculate 
the  values  of  Z&  and  a  from  Equations  (2?)  and  (28)  directly. 

A  typical  set  of  calculated  loss  versus  frequency  curves  ere 
shown  in  Figure  J2,  Equation  (27)  was  evaluated  at  several  fre¬ 
quencies  using  the  dielectric  constant  and  permeability  data  of 
Table  1 .  These  calculations  were  repeated  for  the  several  values 
of  gap  dimension. 

Curves  such  as  those  of  Figure  32  are  readily  applicable  to 
the  design  of  low-pass  sections  using  a  standard  outer  conductor 
with  an  inner  diameter  of  9/l6~inch.  From  the  operating  newer 
level,  the  necessary  air  gap  is  determined.  Figure  52  then  gives 
the  attenuation  in  db/czn  versus  frequency  for  that  particular  air 
gap.  If  the  maximum  passband  loss  is  specified,  then  the  length 
of  the  section  in  cm  is  obtained  by  dividing  the  maximum  permissi¬ 
ble  loss  by  the  attenuation/cm  as  read  from  Figure  32  at  the 
highest  passband  frequency.  If  this  length  is  too  short  to 
adequately  dissipate  the  power,  then  a  longer  section  with  a  wider 
gap  may  be  used,  or  a  lower  loss  material  can  be  selected. 

A  test  section  was  constructed  using  a  carbonyl  iron  dielectric 
material.  A  small  air  gap  was  placed  between  -he  center  conductor 
and  the  dielectric  material  and  the  attenuation  versus  frequency 
characteristics  were  measured.  The  results  are  shown  in  Figure  33. 
Although  the  general  shape  of  the  attenuation  curve  is  similar  to 
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that  of  the  transmission  lines  containing  no  gap,  there  is  an 
undesirable  dip  in  attenuation  between  4  Gc  and  8  Go,  which  had 
not  been  observed  on  lines  with  no  air  gap.  In  the  particular 
line  section  used,  the  minimum  value  of  attenuation  at  the  dip  is 
greater  than  50  db  and  would  present  no  serious  spurious  response 
problems  in  most  applications. 

Because  of  the  unexpected  dip  that  appears  in  the  attenuation 
curve  of  Figure  33#  an  additional  investigation  was  made  of  the 
use  of  an  air  gap  to. establish  a  high  breakdown  voltage.  .The 
results  of  seme  insertion  loss  measurements  made  on  a  section  of 
lossy  line  in  which  the  gap  dimension  was  varied,  are  shown  in  the 
curves  of  Figure  34.  The  curve  for  a  completely  filled  line  is 
included  and  is  in  "conformance  with  the  previously  measured  loss 
characteristics  of  such  a  line,  The  effect  of  increasingly  larger 
gaps  is  shewn  in  the  other  three  curves.  Notice  that  the  lack  of 
step-band  uniformity  becomes  increasingly  significant  as  the  gap 
is  made  larger.  If  these  curves  are  compared  with  the  theoretical 
loss  curves  of  Figure  32,  it  can  be  seen  that  this  non-uniformity  is 
not  predicted  by  the  assumption  oi  IEM  propagation.  Although  it  is 
true  that  some  portion  of  the  variation  in  stop-band  losses  may  be 
attributed  tc  the  change  in  the  characteristic  impedances  of  the 
line  sections  as  the  gap  is  varied,  such  impedance  variations  are 
not  sufficiently  large  to  account  for  the  difference  between  the 
predicted  and  measured  loss  curves. 

The  change  in  VSWR  produced  by  gapping  the  line  is  shown  in 
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Figure  3L.  Measured  Effect  of  Gap  on  Loss. 
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Figure  35;  Notice  that  the  lew  frequency  V8HR  for  the  gapped 

4 

sections  exceeds  2:1,  which,  accounts  in  part  for  the  high  ps  sub and 
insertion  loss  indicated  in  Figure  34  for  th«  gapped  sections. 

The  gero  gap  curve  shews  a  steadily  rising  mismatch  as  the  frequency 
is  increased  because  no  taper  was  used  at  the  input-  to  the  filter. 

The  results  of  the  loss  measurements  indicate  that  the  gapping 
technique  Is  of  acx±cum  usefulness  for  small  gaps,  and  that  use  of 
a  ccsaplet  .iy  filled  dielectric  space  is  the  more  desirable  technique 

i 

of  filter  ^onstructicn.  For  high  pcwer  use,  the  dissensions  of  the 
completely  filled  line  sections  susi  be  Ihui-cesed  sufficiently  to 
provide  the!  necessary  breakdown  voltage  rating  in  the  5.  ielcCtrlC; 
material.  1 

Two  exsjoples  of  lossy  filters  designed  to  operate  at  a  nemirAl 
power  level  qf  100  watts  cw  are  shown  in  the  photograph  of  Figure  3 6. 

I 

These  lossy  line  sections  have  heat  radiating  fins  tc  maximise  the 
heat  dissipating  ability  of  the  filters.  Both  sections  are  intended 

i 

for  use  in  the  range  200  to  400  He,  with  the  loss  through  the  short 
section  being  approximately  1.5  db  at  400  Ke  while  the  longer  filter 
has  about  2.0  db  loss  at  the  same  frequency.  With  a  400  Me  input 
power  level  of  100  watts,  power  lost  in  the  lossy  lines  is  29. 3 
watts  in  the  short  section  of  36.9  watts  in  the  longer  section.  A 
more  detailed  picture  of  the  construction  of  the  lossy  sections  is 
given  by  the  sketch  of  Figure  37  which  shows  a  sectional  view  of  the 
filter.  Notice  that  the .  air  gap  has  been  placed  between  the  center 
conductor  and  the  lossy  material.  This  arrangement  place?  the 
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Figure  37.  Lossy  Line  Construction, 


lossy  material  la  close,  contact  -with  the  brass  outer  Conductor  «nd 
gives  maximum  heat  transfer  from  the  dielectric  material  to  the 
heat  dissipating  fins.  Construction  is  also  simplified  by  placing 
the  air  gap  next  to  the  center  conductor  since  the  outer  conductor 
shell  can  be  poured  full  of  the  iron  and  epoxy  mixture  which,  after 
the  epoxy  has  hardened.,  can  be  drilled  out  to  provide  a  clearance 
hole  for  zhe  center  conductor  and  the  necessary  air  gap.  Since 
the  power  dissipation  requirements  for  these  particular  lossy  line 
sections  were  relatively  low,  no  attempt  was  made  to  taper  the  air 
gap  to  provide  equal  power  dissipation  per  unit  length,  thus 
simplifying  the  construction  considerably.  Figure  38  illustrates 
the  manner  in  which  the  short  lossy  section  was  cascaded  with  a 
conventional  short-line  coaxial  filter  to  produce  a  low-pass  filter 
with  both  the  steep  cutoff  characteristics  of  the  reactive  filter 
and  the  uniformly  high  stop-hand  attenuation  of  the  lossy  section. 
The  dotted  curve  shows  the  frequency  response  of  the  reactive 
filter  which  has  serious  holes  in  its  stop-hand  attenuation  charac¬ 
teristics.  The  solid  curve  illustrates  the  composite  attenuation 
curve  measured  for  the  combination  of  the  reactive  filter  and  the 
lossy  section. 

Tests  of  the  filter  were  made  using  a  high  power  UEF  signal 
source  located  at  EABC.  These  tests  verified  that  the  low  power 
(0  dbm)  attenuation  characteristics  were  maintained  at  power  levels 
of  at  least  100  watt.  'Jests  ware  also  made  to  determine  if  any 
nonlinear  effects  vers  taking  place  inside  the  lossy  material  which 
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Might  cause  harmonics  to  be  generated.  Although  the  sensitivity 
of  the  measuring  equipment  was  such  that  harmonic  levels  sS  low  as 
100  db  below  the  level  of  the  fundamental  could  be  detected,  no 
harmonic  power  was  observed.  Atypical  results  of  the  use  of  the 
combination  filter  as  a  harmonic  filter  for  the  high  power  source 
are  illustrated  by  the  curve  of  Figure  39*  The  operating  condi¬ 
tions  and  measuring  equipment  arrangements  are  shown  on  the  figure. 

A  lossy  filter  for  use  at  high  power  levels  was  constructed 
with  the  dielectric  space  completely  filled  with  the  lossy  material. 
The  section  was  tested  at  high  power  levels  to  verify  the  fact  that 
there  is  no  drastic  difference  between  the  DC  breakdown  potential 
and  the  HF  breakdown  potential  of  the  dielectric  material.  The 
tests  were  performed  using  the  high  power  UHF  signal  source  at  EADC. 
The  lossy  section  was  operated  at  UHF  power  levels  up  to  ^00  watts 
over  a  period  of  several  hours.  No  breakdown  problems  were 
encountered.  The  test  section  was  constructed  with  a  2:1  mix. 
ratio  dielectric  material  to  distribute  the  insertion  loss  over  a 
longer  length.  The  overall  length  of  the  test  section  was  5  inches. 
Temperature  measurements  made  on  the  heat  dissipating  fins  of  the 
lossy  section  showed  an  equilibrium  temperature  of  approximately 
95°  C  at  an  input  RF  level  of  400  watts.  Temperatures  inside  the 
dielectric  were  necessarily  higher.  If  operation  at  higher  power 
levels  is  required,  a  longer  section  with  a  lower  mix  ratio  will 
be  necessary  to  prevent  excessive  temperature  rise  in  the 
dielectric  material.  Since,  for  reasons  already  stated,  mix  ratios 
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Figure  39.  Harmonic  Output  of  Signal  Source. 


much  below  2:1  are  not  desirable,-  the  limitation  on  power  handling 
capability  would  seem  to  be  the  temperature  rise  in  the  dielectric 
rather  than  the  breakdown  potential. 

2.1.10  Lossy  Filter  Construction 

Once  a  particular  filter  design  has  been  chosen,  the 
actual  construction  of  the  filter  shell  and  the  preparation  of  the 
absorbing  material  are  straightforward  procedures.  The  filters 
built  for  laboratory  testing  were  designed  to  be  compatible  with 
50  ohm  impedance  measuring  equipment. 

The  filter  body  shell  was  constructed  from  standard  5/8  inch 
6.  D.  brass  tubing  with  l/32  inch  walls.  The  5/8  inch  tubing  mates 
conveniently  with  a  standard  type  N  cable  connector  which  is 
easily  attached  if  the  nut  of  a  standard  type  N  connector  is  butt 
soldered  to  each  end  of  the  tubing.  If  high  powered  operation  of 
the  filter  is  contemplated,  cooling  fins  should  be  soldered  to  the 
shell  before  the  ends  are  attached.  Care  should  be  taken- when 
calculating  the  total  length  of  the  center  conductor  to  be  used  to 
insure  the  proper  mating  of  the  center  pins  of  the  connectors  when 
the  filter  is  connected  into  a  system. 

Molds  are  necessary  to  hold  the  absorbing  mixture  in  place 
until  it  hardens  and  to  properly  position  the  center  conductor. 

The  diagram  of  Figure  40  shows  the  construction  of  the  Teflon 
molds  which  were  used  in  pouring  the  filters  used  for  testing. 

When  pouring  the  lossy  mixture,  the  mold  was  overfilled  to  allow 
for  any  shrinkage  and  the  excess  machined  off  after  hardening. 
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Figure  l*o*  Mold  Construction 


89 


The  center  conductor,  outer  shell,  and  molds  should  be  prepared 
before  beginning  the  preparation  of  the  absorbing  material,  since 
the  epoxy  begins  to  set  up  in  twenty  to  thirty  minutes.  The  amount 
of  absorbing  powder  tobe  used  will  depend  upon  the  mix  ratio  desired 
and  the  required  volume  to  be  filled.  The  total  amount  that  should 
be  prepared  can  best  be  estimated  after  a  few  trial  rucsj  the  weight 
ratio  of  absorbing  powder, with  the  particular  powder  being  used  having 
been  chosen  from  design  considerations.  The  epoxy  binder  is  a  mix- 
"cure  of  epoxy,  hardener,  and  a  debubbling  agent.  Epon  Resin  828 
manufactured  by  Shell  Chemical  Company  was  used  as  the  epoxy  and  the 
hardener  was  diethylene  triamine  marketed  by  Magnolia  Plastics,  Inc. 
The  debubbling  agent  was  Plestolein  9051  DHHZ,  which  was  obtained^ 
from  Emery  Industries,  Inc.  Other  epoxies,  with  appropriate 
hardening  agents,  can  be  used  if  the  Shell.  Epon  828  is  not  available. 

To  prepare  the  binder,  first  estimate  the  weight .of  absorbing 
powder  required  and  weigh  out  an  approximate  amount  of  epo/y  for  the 
mix  ratio  desired.  Call  this  amount  of  epoxy  X  grams.  Add  0.1X 
grans  of  hardener  t.o  the  epoxy  and  add  G.11X  grams  of  plastolein  to 
the  epoxy  and  hardener.  The  total  binder  mixture  is  now 

X  +  G.1X  +  0..11X  =  1.21X  grams  (29) 

The  proper  weight  of  absorbing  powder  to  be  vised  is  equal  to  the  mix 
ratio,  M,  times  the  weight  of  binder. 

The  epoxy,  hardener,  and  plsstolein  should  be  mixed  thoroughly 


before  the  powder  is  added.  A  simple  mixing  aid  was  constructed 
by  making  a  brass  paddle  on  a  l/4"  brass  rod  and  rotating  the 
paddle  by  the  use  of  a  small  hand  drill.  The  speed  of  the  drill 
motor  was  adjusted  by  varying  the  supply  voltage  with  an 
autotransformer . 

Once  the  binder  is  thoroughly  mixed,  the  powder  should  be 
slowly  added  to  the  mixture  while  continuously  blending  the  two. 

A  uniform  mixture  is  necessary  to  obtain  reproducible  attenuation 
characteristics  for  the  filter. 

Once  thoroughly  blended,  the  epoxy-powder  mixture  is  ready  to 
be  added  to  the  filter  section.  The  ease  with  which  the  mixture 
pours  into  the  cavity  depends  upon  the  viscosity  of  the  mixture. 
The  viscosity  is  established  by  the  mix  ratio  and  the  density  of 
the  powder.  For  instance,  a  611  mix  of  carbonyl  iron  powder  pours 
readily  but  a  4:1  mix  of  ferrite  powder  or  mill  scale  is  as  high 
a  mix  ratio  as  can  be  easily  poured.  A  flexible  plastic  bottle 
with  a  nozzle  was  found  to  be  useful  in  getting  the  iron-epoxy 
mixture  into  hard,  to  reach  places. 

Due  to  the  viscous  nature  of  the  epoxy-pcwder  mixture,  there 
is  a  tendency  for  air  bubbles,  which  are  produced  in  mixing,  to 
be  trapped  inside  the  hardened  material.  These  bubbles  can  upset 
the  impedance  characteristics  of  the  dielectric  material  and  alter 
the  attenuation  characteristics.  The  removal  of  these  bubbles  is 
facilitated  by  vibrating  1 ee  filled  line  section  during  the  curing 
stage.  Slight  beating  of  the  mixture  aids  in  driving  off  the 


bubbles  but  this  technique  should  be  used  with  care  because  heat 
also  speeds  the  reaction  time  of  the  epoxy  and  the  bubbles  can  be 
trapped  before  they  have  a  chance  to  rise  to  the  top  of  the 
dielectric  mixture.  If  a  vacuum  system  is  available,  the  filter 
can  be  placed  under  a  slight  vacuum  to  speed  the  removal  of 
b\.bbles  but  the  vacuum  does  not  significantly  speed  the  reaction 
time  of  the  epoxy. 

g HF  Filters  with  Dielectric  Loading 

Coaxial  resonators  are  commonly  used  as  filter  elements 
in  the  microwave  region  where  a  typical  filter  might  consist  of 
several  quai ter  wave  coaxial  cavities  with  suitabl i  coupling  means 
between. the  resonators.  As  the  design  frequency  of  such  filters 
is  decreased,  the  physical  size  of  the  resonators  increases  until, 
at  frequencies  in  the  VHF  and  HF  region  the  necessary  resonator® 
become  excessively  large.  The  helical  resonator  is  one  technique 
commonly  employed  to  reduce  the  size  of  resonators  used  in  the  VHP 
region.  The  helical  resonator  uses  a  center  conductor  in  the  form 
.of  a  helix  to  increase  the  electrical  length  of  the  resonator. 

The  low  losses  and  low  propagation  velocity  at  HF  of  TEM 

\ 

waves  in  the  dielectric  materials  used  in  the  construction  of 
lossy  filters  suggests  the  possibility  of  further  reduction  in  the 
size  of  such  resonators  to  the  extent  that  HF  operation  becomes 
feasible. 
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2,2,1  Construction  of  HF  Filters 

Several  helical  resonators  were  constructed  to  evalute  the 
amount  of  reduction  in  physical  dimensions  that  could  be  obtained 
by  the  use  of  dielectric  loading.  All  of  the  resonators  wore 
designed  to  resonate  with  an  air  dielectric  in  the  VEF  range  and 
to  resonate  in  the  EF  range  when  filled  with  a  dielectric  material. 

A  half  wave  resonator  was  constructed  in  the  fora  shown  in. 
Figure  4l.  The  resonant  frequency  with  an  air  dielectric  was  107 
Me  and  the  insertion  loss  was  0.8  4b.  When  the  dielectric  space 
was  filled  with  SF  grade  carbonyl  iron  powder,  the  resonant  frequency 
decreased  to  2J  lie  and  the  insertion  loss  increased  to  8.5  fib.  Part 
of  this  insertion  loss  was  caused  by  mismatch  loss  at  the  input  and 
output  terminals  of  the  resonator,  and  the  remaining  loss  was  due 
to  dissipation  in  tlie  dielectric  material. 

Another  HF  filter  was  constructed  in  the  form  indicated  by  the 

sketch  of  Figure  42.  The  resonators  are  of  the  top  loaded  quarter¬ 
ly 

wave  type  described  in  a  recent  Stanford  Research  laboratory  report. 
The  filter  was  tested  both  wiui  an  air  dielectric  and  with  the 
dielectric  space-filled  with  a  carbonyl  iron  material.  The  epoxy 
binder  used  with  the  SF  grade  carbonyl  iron  was  Emerson  and 
Cuming's  Sybcast  So  TPM-2,  which  has  a  smaller  dielectric  loss 
tangent  than  that  of  the  epoxy  eonsnonly  used. 

The  response  obtained  for  the  filter  filled  with  the  slow 
velocity  dielectric  material  is  compared  in  Figure  4-5  with  that 
obtained  for  the  same  resonator  using  an  air  dielectric.  The 
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Figure  Ul.  Half-Wave  Resonator. 


TOP  VIEW  WITH  COVER  REMOVED 


CUTAWAY  SIDE  VIEW 


Figure  &2.  M  Filter. 


RELATIVE  RESPONSE  -  db 


actual  resonant  frequency  of  the  air  dielectric  resonator  is 
approximately  six  times  that  of  the  iron-filled  resonator  end  the 
normalized  selectivity  curves  are  used  to  illustrate  the  change  in 
shape  factor  which  occurs  when  the  iron  dielectric  material  is 
added.  The  passhand  insertion  loss  increased  to  5*8  db  when  the 
resonator  was  filled  with  lossy  dielectric.  Again,  a  portion  of 
the  insertion  loss  may  he  attributed  to  the  lack  of  proper  imped¬ 
ance  matching  when  the  resonator  was  filled  with  the  iron  dielectric, 
and  the  remaining  loss,  to  dissipation  losses  in  the  iron  dielectric. 
In  an  effort  to  reduce  the  passhand  insertion  loss,  another  filter 
was  constructed  using  a  closer  spacing  between  the  two  helices. 

With  an  air  dielectric,  the  center  frequency  of  the  filter  was  52 
Me.  To  avoid  an  over-coupled  response  for  the  filter,  a  vertical 
copper  shield  was  placed  between  the  helices.  The  coefficient  of 
coupling  was  then  adjusted  by  increasing  the  dimensions  of  a  slot 
in  the  cqppr  shield  urtil  the  desired  flat  topped  response  was 
obtained.  When  powdered  iron  was  added  to  the  dielectric  space, 
the  tuned  frequency  dropped  to  8.5  Me  and  the  shape  of  the  response 
indicated  that  the  coupling  coefficient  was  only  slightly  greater 
uhan  critical  even  with  the  copper  shield  completely  removed.  The 
frequency  response  of  the  iron  filled  filter  Is  shewn  in  Figure  44 
which  shews  the  desired  narrow  response  at  8.5  Me  and  a  broad 
spurious  passhand  in  the  region  of  42  Me.  The  re spent  m  42  Me 
region  is  not  suppressed  by  losses  in  the  carbonyl  iron  since  the 
dissipation  loss  at  42  Me  for  carbonyl  iron  is  small.  The  addition 
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of  a  low-pass  filter  in  cascade  with  the  iron  filled  resonator  can 
effectively  suppress  the  spurious  passband.  The  response^ of  the 
cascaded  combination  of  an  iron  filled  resonator  and  a  low-pass 
filter  is  also  shown  in  Figure  44,  illustrating  a  band-pass  response 
with  uniformly  high  stop-band  rejection. 

Several  different  ferrite  powders  were  tested  to  determine 
their  suitability  for  use  as  low  velocity  materials  for  reducing 
*;he  size  of  resonators.  In  general,  the  reduction  in  resonant 
frequency  obtained  by  f iLling  the  dielectric  space  of  a  helical 
resonator  with  the  ferrite  materials  was  consistent  with  that  esti¬ 
mated  from  the  values  of  u  and  e  of  these  materials.  The  ferrite 

r  r 

material  .with  lowest  losses  at  the  10  Me  test  frequency  was  Q-3 
ferrite.  One  difficulty  encountered  with  the  ferrite  filled  filter 
employing  side  Ly  side  helices  was  the  inability  to  obtain  adequate 
mutual  inductance  coupling  when  the  ferrite  powder  was  added  to  the 
resonator.  One  solution  to  the  coupling  problem  is  to  add  an 
external  coupling  capacitor  between  the  high  impedance  ends  of  the 
resonators.  Adjustment  of  the  capacitor  then  permits  any  desired 
degree  of  coupling  between  the  resonators  to  be  obtained.  Using  a 
two  section  ferrite  filled  filter  similar  to  that  described  in 
Figure  42,  passband  insertion  losses  of  approximately  2  db  were 
measured.  The  passband  insertion  was  reduced  to  this  value  by 
increasing  the  loading  of  the  resonators  with  an  adjustment  of  the 
input  and  output  tap  points  on  the  helices.  In  general,  to  minimize 
passband  insertion  losses,  the  impedance  transformation  should  be 
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set  so  that  the  relative  amount  of  loading  of  the  resonator  due  to 
the  reflected  load  impedance  is  large  Vith  respect  to  the  loading 
due  to  dielectric  losses  in  the  resonator  itself.  As  long  as  this 
loading  condition  is  met,  the  tap  point  required  for  a  given  percent 
power  transmitted  is  given  by 


N  = 


■ 

f 100  -  i  Power | 

Ih] 

|  Power  j 

1/2 


(30) 


where  N  is  the  ratio  of  the  helix  turns  at  the  tap  point  to  the 
total  number  of  turns  in  the  helix. 


2.2.2  Effects  of  Static  Magnetic  Fields 
Seme  tests  of  the  effect  of  a  static  magnetic  field  on 
the  tuned  frequency  of  a  ferrite  filled  filter  were  made.  With 
zero  field  applied,  the  tuned  frequency  was  set  to  10  Me.  A  static 
magnetic  field  was  applied  to  the  filter  and  the  frequency  increased 
to  15  Me.  Although  some  small  changes  in  the  shape  of  the  selectivity 
curve  were  noted,  these  do  not  appear  to  pose  a  serious  drawback  to 
the  use  of  such  a  device  as  an  electrically  tunable  bandpass  filter. 

A  more  serious  problem  is  the  large  magnetic  field  required  to 
produce  significant  changes  in  the  tuned  frequency  of  the  resonator. 

In  the  tests  conducted,  the  external  magnetic  field  was  supplied 
hy  a  large  permanent  magnet  and  the  applied  field  was  varied  by 
moving  the  magnet.  In  order  to  provide  rapid  tuning  of  the 
resonator,  an  electromagnet  would  be  necessary  and  the  power 
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dissipated  in  this  magnet  might  heccane  excessive.  It  is  possible 
that  by  proper  mechanical  arrangement  of  the  toning  magnet  with 
respect  to  the  resonator,  the  air  gap  between  the  magnet  and  the 
dielectric  material  could  be  reduced.  If  such  an  arrangement  could 
be  realized,  a  substantial  reduction  in  the  number  of  ampere-turns 
required  to  saturate  the  ferrite  dielectric  material  might  be 
obtained. 

2.2.3  High  Power  Operation  of  Iron  and  Ferrite 
Loaded  Filters 

The  ability  to  tune  a  ferrite  filled  resonator  magnet¬ 
ically  is  an  attractive  property  for  seme  applications,  but  it  also 
suggests  that  changes  in  the  resonator  may  take  place  when  a  large 
BF  magnetic  field  is  present.  A  ferrite  filled  filter  was  termin¬ 
ated  with  a  50  ohm  dummy  load  and  driven  at  several  different  RF 
power  levels  to  examine  the  effect  of  power  level  on  the  charac¬ 
teristics  of  the  filter.  The  filter  was  constructed  of  two 
concentrically  mounted  helices  with  the  input  helix  being  of  slightly 
smaller  diameter  than  the  output  helix.  The  concentric  construction 
was  used  to  increase  the  mutual  coupling  between  the  helices  to 
the  point  where  no  external  capacitive  coupling  between  the  Input 
and  output  resonators  was  needed.  The  wide  range  of  power  levels 
lip^ied  to  carry  out  the  tests  were  supplied  by  an  HF  power 
amplifier.  The  amplifier  was  driven  by' a  low  power  signal  generator 
and  was  capable  of  delivering  an  output  of  100  watts  over  the  HF 
range.  Appendix  £  gives  a  discussion  of  the  design  and  construction 


of  the  pcwer  amplifier.  The  curves  of  Figure  k5  show  the  response 

of  the  cavity  response  ab  various  RF  power  levels.  As  the  OT  power 

-3 

level  is  increased  from  10  watts  to  2  watts  and  then  to  20  watts, 
there  is  a  definite  variation  in  the  insertion  loss,  the  tuned 
frequency,  and  the  skirt  selectivity  of  the  ferrite  filled  resonator. 
The  time  scale  on  which  the  observed  effects  take  place  indicate 
that  the  change  in  filter  characteristics  is  dua,  at  least  in  part, 
to  a  shift  in  the  temperature  of  the  ferrite.  For  example,  when  the 
resonator  was  driven  from  a  20  watt  level,  the  initial  insertion 
loss  was  typically  1  db.  However,  the  insertion  loss  was  observed 
to  increase  slowly  with  time  as  the  temperature  of  the  ferrite  in 
the  filter  increased. 

The  date,  shown  in  Figure  45  was  obtained  with  power-being 

applied  to  the  cavity  only  a  sho-t  time  at  each  point  on  the  curve 

in  order  to  avoid  the  shift  in  resonant  frequency  as  a  function  of 

temperature.  Since  the  measurement  at  each  frequency  was  taken 

quickly,  the  change  in  the  response  of  the  cavity  with  increasing 

power  level  was  probably  due  to  the  RF  magnetic  field  as  opposed 

to  variations  resulting  from  increasing  temperature.  To  definitely 

isolate  temperature  effects,  the  resonator  was  tested  in  a  pulsed 

power  mode.  The  test  pulse  was  obtained  by  setting  the  level  of 

the  law  power  signal  to  drive  the  power  to  the  desired  peak  RF 

output  and  then  pulse  modulating  the  low  power  signal  generator  at 

a  duty  cycle  sufficiently  low  to  limit  the  average  power  delivered 
-3 

to  the  cavity  to  10  watts.  The  results  of  these  tests,  shown  in 
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Figure  k6s  indicate  that  the  response  characteristics  of  the 
resonator  are  sensitive  to  the  level  of  the  RF  magnetic^  field. 

Additional  tests  were  made  on  e  resonator  filled  with  carbonyl 
iron.  The  response  characteristics  of  uhe  resonator  as  a  function 
of  power  level  are  shown  in  Figure  k'J.  As  indicated  by  the  data, 
there  are  fewer  changes  in  the  insertion  loss,  skirt  selectivity 
and  tuned  frequency  with  the  carbonyl  iron  filled  resonator  compared 
with  that  of  the  ferrite  filled  resonator. 

To  insure  an  accurate  measurement  of  the  insertion  loss  of 
the  carbonyl  iron  filled  cavity,  it  was  necessary  to  use  a  fired 
pad  at  the  input  of  the  cavity  to  establish  a  50  ohm  impedance 
level.  The  10 watt  and  2  watt  power  measurements  were  CW  opera¬ 
tion  whereas  the  20  watt  data  was  obtained  using  a  pulse  mode.  It 
was  necessary  to  operate  in  a  pulse  mode  at  the  20  watt  level  to 
maintain  a  low  average  power  so  that  the  50  ohm  fixed  pad  would 
not  be  damaged.  To  test  for  temperature  effects,  the  resonator 
was  operated  at  a  100  watt  CW  power  level,  without  a  pad,  for  an 
extended  time  and  no  significant  shift  in  the  resonant  frequency 
as  a  function  of  temperature  was  observed.  Since  the  resonant 
frequency  of  the  cavity  xs  stable  at  high  CW  power  revels,  which 
was  not  the  case  with  the  ferrite  filled  cavity,  the  20  watt  pu3.se 
power  test  is  equivalent  to  a  20  watt  CW  test  as  far  as  insertion 
loss  measurement  is  concerned. 


INSERTION  LOSS  db 


FREQUENCY  IN  Me 

Figure  Vf.  Effect  of  CW  Power  Level  on  Carbonyl  Iron 
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2.5  Shielding  Sffsctiveness  Measurements 

Relative  shielding  effectiveness  measurements  of  several 
dielectric  materials  were  made  by  measuriug  the  difference  in 
coupling  between  a  transmitting  and  receiving  loop  with  and  with¬ 
out  -cue  dielectric  material  in  place  between  the  two  loops*  Since 
the  materials  were  in  powdered  form,  a  special  container  was 
constructed  to  fit  over  the  receiving  loop  to  allow  the  dielectric 
material  bo  be  easily  changed.  The  construction  of  the  container 
is  shown  in  the  sketch  of  figure  48.  The  container  consists  of  two 
polystyrene  boxes  of  slightly  different  dimensions  with  the  smaller 
box  nested  inside  the  larger.  The  transmission  between  the  loops 
was  measured  with  no  dielectric  material  in  the  space  between  the 
boxes.  The  sir  space  between  the  boxes  was  then  filled  with  the 
material  being  tested.  The  box  was  inverted  and  bolted  in  place 
over  one  of  the  loops  and  the  transmission  between  the  two  loops 
was  measured,  the  difference  in  transmission  between  the  two  sets 
of  measurements  was  taken  to  be  the  shielding  effectiveness  of  the 
material  in  the  air  space  between  the  two  boxes.  In  order  to 
remove  the  effects  cf  reflections  from  the  surroundings,  the  two 
loops  were  placed  inside  a  large  metal  box  which  had  been  lined 
with  absorbing  material.  The  absorbing  material  reduced  the  effects 
of  wall  reflections  above  approximately  TOO  Me. 

Seme  typical  transmission  data  obtained  for  a  carbonyl  iron 
material  is  shown  in  the  curve  of  Figure  49*  The  results  obtained 
at  frequ^r  i*s  bale?,-  1  Gc  indicate  a  lower  attenuation  with  the 
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shielding  material  in  place  than  with  it  removed.  A  possible 
explanation  for  such  a  result  is  the  change  in  loop  current  dis¬ 
tribution  that  occurs  when  the  test  material  is  in  place.  The 
change  in  the  current  distribution  alters  the  input  impedance  of 
the  loop  in  such  a  manner  as  to  improve  the  impedance  match  between 
the  signal  source  and  the  loop.  The  increased  power  delivered  to 
the  loop  could  then  account  for  the  apparent  negative  shielding 
effectiveness.  Another  contributing  factor  is  the  lack  of  effective¬ 
ness  of  the  absorbing  material  over  much  of  the  frequency  range 
helcw  1  Gc  which  causes  the  pattern  of  reflections  inside  the  box 
to  be  modified  by  the  placement  of  the  shielding  material  under 
test.  As  a  result  of  these  factors,  the  data  obtained  on  shielding 
effectiveness  below  1  Gc  is  unreliable.  At  frequencies  above  1  Gc, 
the  absorbing  material  on  the  walls  becomes  increasingly  effective 
and  the  effect  of  the  shielding  material  on  the  current  distribu¬ 
tion  on  the  loop  diminishes  rapidly.  As  a  result,  the  data  in  the 
region  shove  1  Gc  is  more  representative  of  the  true  shielding 
effectiveness  of  the  dielectric  material. 

The  data  obtained  for  both  mill  scale  and  ferrite  powders  did 
not  indicate  appreciable  shielding  action  over  the  range  of  measure¬ 
ment,  since  the  loss  curves  for  these  two  materials  followed  a 
similar  pattern  to  the  calibration  curve  which  was  taken  with  no 
material  between  the  loops. 

Additional  measurements  were  made  to  examine  the  shielding 
effectiveness  of  a  carbonyl  iron  lossy  material  at  X-band.  The 
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test  specimen  used  was  a  l/4  inch  thick  slab  of  6:1  iron  to  epoxy 
material.  The  slab  was  placed  across  the  mouth  of  aa  X-band  horn 
and  the  change  in  output  of  the  detector  connected  to  another  horn 
was  recorded.  The  change  in  the  VSWR  at  the  input  to  the  trans¬ 
mitting  horn  when  the  slab  was  placed  in  position  was  also  noted. 

The  general  measurement  setup  is  shown  in  Figure  50. 

The  results  of  these  tests  are  summarized  in  Figure  51  which 
shows  the  insertion  loss  and  VSWR  variation  in  the  X-band  range. 

There  is  a  rising  attenuation  characteristic  with  increasing  fre¬ 
quency  similar  to  that  observed  for  coaxial  systems.  The  VSWR 
measurements  show  an  average  VSWR  of  approximately  2:5:1, 
indicating  that  most  of  the  insertion  loss  is  produced  by 
dielectric  losses  in  the  slab  rather  than  by  reflection  from  the 
impedance  discontinuity  presented  by  the  slab  at  the  mouth  of  the 
horn. 

£.4  R?pid  Insertion  Los 3  Measurements 

A  large  number  of  insertion  loss  measurements  were 
necessary  to  determine  the  loss  characteristics  of  the  several 
dielectric  materials  investigated.  In  order  to  reduce  the  time 
required  to  obtain  the  necessary  attenuation  data,  seme  effort  was 
devoted  to  the  development  of  an  automatic  loss  measuring  system  which 
would  plot  directly  the  less  versus  frequency  characteristic  of  the 
i  vice  under  test-.  One  technique  used  in  making  these  automatic 
man sur-scent  p  is  sker-m  in  Figure  52.  Such  an  arrangement  esn 
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LOSSY  MATERIAL 


Figure  51.  X  Band  Shielding  Lobs. 


rapidly  produce  attenuation  data  when  the  loss  of  the  device  being 
tested  does  not  exceed  30  no  40  db.  For  attenuations  higher  than 
this  value*  the  loss  in  sensitivity  of  the  diode  detector  at  low- 
signal  levels  seriously  limits  the  sensitivity  of  the  overall 
measurement  system,  lo  overcome  the  sensitivity  limitation*  the 
superheterodyne  detection  system  outlined  in  Figure  53  'was 
constructed.  For  such  a  system  to  be  effective*  the  frequency  of 
the  local  oscillator  signal  must  be  swept  in  synchronism  with  the 
frequency  of  the  swept  test  signal.  The  required  local  oscillator 
signal  was  obtained  from  a  2-4  6c  3weep  oscillator.  For  test 
signals  in  the  4-8  Gc  and  8-12  Gc  ranges*  the  local  oscillator 
sweeps  over  its  basic  2*4  Gc  range*  and  the  30  Me  IF  signal  is 
generated  by  harmonic  conversion  in  the  mixer.  The  linearity  of 
the  control  voltage-frequency  characteristic  of  the  sweep  oscillators 
used  was  not  sufficient  to  provide  the  necessary  tracking  to  main¬ 
tain  a  30  Me  offset  between  the  local  oscillator  signal  and  the 
frequency  of  the  test  signal.  An  AFC  loop  was.  installed  on  the 
local  oscillator  to  provide  the  necessary  tracking  accuracy.  To 
obtain  the  AFC  action,  the  output  of  the  signal  IF  amplifier  is 
fed  to  a  limiter  and  a  discriminator  tuned  to  30  Me.  When  the 
local  oscillator  frequency  is  properly  set*  no  error  is  developed 
at  the  discriminator  output.  However*  any  lack  of  tracking  of  the 
local  oscillator  signal  produces  a  DC  output  voltage  from  the 
discriminator.  This  DC  voltage  is  superimposed  on  the  .local 
oscillator  sweep  voltage  in  the  proper  polarity  to  return  the  IF 
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signal  to  30  Me.  Sufficient  loop  gain  is  present  to  maintain  the 
IF  frequency  under  normal  sween  conditions  in  the  range  30  Me  ± 

0.25  Me. 

A  certain  minimum  signal  level  is  necessary  at  the  output  of 
the  IF  amplifier  to  maintain  linear  operation  of  the  30  Me  diode 
detector.  If  the  linear  range  of  the  measuring  system  must  be  60 
db,  then  the  IF  amplifier  must  be  capable  of  providing  linear 
amplification  at  a  level  60  db  above  the  minimum  level  required 
for  the  diode  detector.  Conventional  IF  amplifiers  are  not 
capable  of  supplying  the  high  level  signals  necessary  to  meet  the 
60  db  dynamic  range  requirement.  A  straightforward  solution  to 
the  dynamic  range  problem  is  the  use  of  a  logarithmic  IF  amplifier 
to  compress  the  range  of  signal  levels  that  must  be  supplied  at 
the  output  of  the  IF  amplifier.  However,  at  the  time  of  construc¬ 
tion  of  the  measuring  system,  no  logarithmic  amplifier  was  available. 
Instead,  the  60  db  dynamic  range  was  obtained  by  replacing  the  30 
Me  diode  detector  with  a  synchronous  detector.  Since  the  synchronous 
detector  requires  nc  minimum  signal  to  maintain  linear  operation, 
the  necessary  dynamic  range  can  be  obtained  by  operating  the 
detector  at  signal  levels  in  the  range  between  1  millivolt  and  1 
volt.  Such  levels  are  well  within  the  linear  operating  range  of  the 
IF  amplifier.  The  reference  signal  required  to  switch  the 
synchronous  detector  is  supplied  from  the  constant  level  output  of 
the  limiter.  The  phase  shift  versus  frequency  curve  of  the  limiter 
is  sufficiently  flat  over  the  *250  kc  range  through  which  the  IF 
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signal  varies  that  no  significant  charge  in  the  phase  occurs  in 
the  limiter  output  signal.  Consequently,  a  fixed  adjustment  of 
the  phase  of  the  synchronous  detector  reference  signal  is 
sufficient  to  insure  the  proper  phase  of  the  reference  signal  over 
the  ±250  kc  swing  of  the  IF  signal.  Tne  1  kc  detected  output  of  th 
synchronous  is  fed  through  a  Moseley  Model  60D  logarithmic 
converter  into  an  X~Y  plotter  which  plots  the  measured  insertion 
loss  in  db  as  a  function  of  frequency. 


3.  CONCLUSIONS 


Dissipative  transmission  line  filters  have  been  shewn  to  be  an 
effective  means  of  producing  a  low-pass  transmission  function  with 
a  uniformly  high  stop-band  attenuation.  The  combination  of  these 
dissipative  filters  and  conventional  reactive  filters  ?en  provide 
low-pass  and  bandpass  filters  with  superior  'stop-band  perf ormance . 

Using  the  materials  and  procedures  detailed  in  this  report,  practical 
filters  can  be  constructed  at  a  sufficiently  low  cost  to  warrant 
commercial  application. 

The  dielectric  losses  of  several  iron  and  ferrite  materials 
are  sufficiently  low  at  HF  so  that  practical  resonators  may  be  con¬ 
structed  for  use  in  the  HF  range.  The  ferrite  filled  helical  resonator 
offers  a  considerable  size  reduction  over  a  conventional  resonator  and 
operates  satisfactorily  at  low  power  levels.  At  power  levels  above  0 
dbm,  the  change  in  the  characteristics  of  the  ferrite  material  with 
power  level  makes'  it  unsuitable  for  use  as  the  dielectric  material 
in  a  resonator.  For  power  levels  above  0  dbm,  the  earbonyl  iron 
material  offers  a  substantial  improvement  over  ferrite  in  maintaining 
its  dielectric  properties  independent  of  RF  power  level. 

The  results  of  sheilding  effectiveness  measurements  of  the 
iron  and  ferrite  dielectric  material  indicate  that  these  materials 
do  QOt  exhibit  any  exceptional  shielding  properties. 

A  rapid  insertion  loss  measuring  technique  has  been  developed 
which  permits  direct  plotting  of  insertion  loss  versus  frequency  fsr 
attenuations  exceeding  60  db. 
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APPENDIX  A 

CC’TLEX  PERMEABILITY  AMD  PERMITTIVITY 

The  electric  flux  density,  D,  inside  a  dielectric  material  is 
related  to  the  dielectric  constant  or  permittivity,  e,  of  the 
material  by 

D  =  e  E  .  (1) 

For  e  >  e  ,  D  can  be  written  as 
o 

D  =  €Q  E  +  P  .  (2) 

The  additional  electric  flux  density  is  produced  by  the  polarize- 
tion,  P,  of  the  dielectric  material.  The  polarization  can  be 
visualized  as  being  created  by  the  alignment  of  N  elementary 
electric  dipoles  each  with  a  dipole  moment,  ji,  and  producing  a 
polarization  of 

i 

p  -  h  m  .  (5) 

For  a  linear  dielectric,  the  dipole  moment  it  proportional  tc  the 
applied  P  field.  This  proportionality  can  be  expressed  as 

J*  K  ap  s  ,  (4) 


121 


substituting  (4)  in  (3)  gives 


P  =  N  ap  E  ,  (5) 

For  a  time  varying  electric  field,  the  polarization  must  also  be 
time  varying.  However,  for  sufficiently  rapid  variation  of  the 
applied  electric  field,  the  alignment  of  the  dipole  moments  may 
not  follow  the  field  instantaneously,  and  there  will  be  a  time  lag 
between  the  internal  polarization  and  the  applied  electric  field. 
Consequently,  for  a  time  variation  of 


(6) 


the  effect  of  the  time  lag  can  be  taken  into  account  by  writing 
the  polarization  as 


P  =  N  a  E 
P  o 


ej(c0fc  -  e) 


(7) 


The  resulting  electric  flux  density  is  then  given  by  substituting 
(7)  in  (2)  as 


D  =  6  E  e'1cat  +  N  a  E  e’^Ci5fc  “  d'J 
00  p  o 


(8) 


which  simplifies  to 
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D  =  (eo  +  N  ap  e'j6}  Eo  e*5^  ,  (9) 

or 

y  -  (co  +  N  ap  e"J0)  E  .  (10) 

The  qivantity,  (eQ  +  Na  ,  e"*56)  is  a  complex  number  and,  by  analogy 
with  Equation  (l),  can  be  considered  as  the  complex  permittivity  of 
the  dielectric  material,  i.e. 

-  *  —  ,  . 

D  =  e  E  .  (il) 

A  similar  procedure  can  be  used  to  illustrate  the  complex 

* 

permeability  of  the  dielectric  material.  The  magnetic  flux  density, 
B»  is  related  to  the  magnetic  field,  H,  by 

B  =  no  H  +  po  M  .  (12) 

The  magnetization,  M,  of  the  dielectric  is  the  magnetic  dipole 
moment  per  unit  volume  and,  for  linear  dielectrics,  is  proportional 
to  the  applied  magnetic  field.  Consequently, 

I  =  Nm  =  Na  H  ,  (15) 

m  3  v 

where  N  is  the  number  of  dipoles  per  unit  volume,  m  is  the  magnetic 
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dipole  moment  of  an  elementary  dipole,  and  a m  is  the  proportionality 
constant . 

Substituting  (13)  in  (12)  allows  the  magnetic  flux  density  to 
be  written  as 


B  =  p  He 
*0  o 


+  Kr/  W  oj(c£  ~  @) 


N  a  H  e“ 
m  o 


(lfc) 


or 


B  -  p0  H  (1  +  am  Ne"Jfl)  .  (15) 

The  term,  pQ  (l  +  Ns  '^) ,  is  the  complex  permeability,  p  ,  and 
the  flux  density  is 


(16) 


The  vave  equations  of  the  electromagnetic  field  in  the 
dielectric  material  may  be  vritten  in  terms  of  these  complex  per¬ 
meability  and  permittivity  parameters  as 


V2  E 


* 


and 


2  -■  *  *  d2  H 

V  H  =  e  p - p 

d  t 


(17) 


(18) 
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I 


-r 


If  it  is  assumed  that 


K  =  H  ,x)  e 


and 


S  -  E  (x)  e 


#■* 


(19) 


(20) 


then  solutions  for  E  and  H  describing  a  TEM  wave  propagating  in  the 
plus  x  direction  are 


I  -  E  , 

o  * 


and 


jajt  -  vx 
e 


(21) 


(22) 


where  7  is  the  complex  propagation  factor 


7 


=  jCD 


* 


=  C-  +  jp 


* 


(25) 


and  a  ana  {3  are  the  attenuation  and  phase  constants 
respectively. 

The  complex  permeability  and  permittivity  can  be  written  as 


Jn" 


(24) 
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and 


*  ,  ,  *6c 

€  =  e'  -  jc"  =  |e  je 


(25)' 


where 


9  =  tan 


-1 


and 


jd 


(26) 


9e  =  tac_1  b 


(27) 


Substituting  in  (23)  gives 


=  jm-yiM!i6|eJ(^+9e)  , 


(28) 


Separating  (28)  into  its  real  and  imaginary  parts  gives 

(e  +  e  ] 

..U-T—fi.  + 


“  o® *y !:1  i  iG  I 


cos 


e  +  e 
,  u  e 
0  sm  —-  g - 


,  (2?) 


or 


=  i  |e  ] 


,  sin 


le  +  e 
JLH _ « 


^ —  j  cos 


9+6 
fi _ £ 


•  (30) 


The  desired  attenuation  constant,  a,  is  the  real  part  of  7  so  that 


a 


/ -  9  +  9\ 


(51) 


The  published  data  on  dielectric  materials  is  usually  given  in 
terms  of  the  tangents  of  the  angles  9.  and  9  ,  and  in  terms  of  p' 
and  € '  rather  than  |p  |  and  |e  |.  Consequently,  a  more  useful  form 
of  (31)  is  one  which  expresses  the  attenuation  constant,  a,  in 
terms  of  these  normally  specified  quantities.  Let 


5  =  tan  9 
p  P  ' 


(32) 


and 


5  =  tan  9 
e  e 


(33) 


Also 


sin 


|V  M  _ 

'1  -  cos  (e^  +  e£)J 

2  - 

L  2 

1/2 


(3*) 


which  can  be  further  expanded  to  give 


sin 


6  +  0 
_ £ 


1  -  cos  9  cos  9  +  sin  9  sin  9 

_ K  ...  _g _ Ji _ £ 


-j  1/2 

j  * 


(35) 


However,  from  (32)  and  (33); 
6 

sin  e  = - £ — 


sin  0£  = 


1+8 
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cos  9  = 


'  aR 


cos  9e  = 


(36) 


1  +  Bc 


Substituting  (56)  in  (35)  yields 


sin 


New 


K  *  M  1 

1  _  . -1  . 

"j 

i  ^  8?„ 

l  a  ) 

.  Vi+6p  i+s* 

■R  1+8c. 

l/2 


1 

yr 


VHi  i+6e  - 1  +  6u  b€ 


RFR) 


1/2 


(37) 


sf, 


(38) 


and 


e  - - r-  =  e'T\/l  +  6' 


cos© 


'V3 


(39) 


Substituting  these  values  in  the  expression  for  ~\J  II-  I  gives 
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3figP 


Substituting  (J7)  and  (4o)  in  (31)  gives  for  a, 
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DERIVATION  OF  REFLECTION  LOSS  CORRECTION 
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Figure  1.  Measurement  System 


For  the  purpose  of  the  derivation,  the  insertion  loss  measuring 
system  with  the  test  sample  in  place  is  represented  as  shown  in 
Figure  1.  The  incident  voltage  wave,  V^,  is  partially  reflected 
at  the  first  interface  and  the  component  transmitted  into  the  test 
sample  in  terms  of  the  incident  voltage  and  the  reflection 
coefficient,  0^,  Is 


V, 

trans 


(1) 


In  traversing  the  test  sample  the  wave  reaching  the  output  interface 


*  •'GwC 

is  attenuated  by  the  factor,  e  ,  where  a.  is  the  attenuation 
constant  of  the  material  and  x  is  the  length  of  the  test  sample - 
A  second  partial  reflection  takes  place  at  the  output  interface  to 
produce  a  net  output  of 


Vt*  Md-  M  -  fe) 

Equation  (2)  ignores  the  contributions  to  the  output  produced  by 

multiple  internal  reflections.  These  multiple  ref.lec-tions  are 

-OCX 

attenuated  by  the  factor,  e  ,  each  time  they  traverse  the  test 
sample  as  well  as  by  the  fact  that  only  a  fraction  of  each 
incident  wave  is  reflected  through  the  test  sample  from  each 
encounter  with  an  interface.  For  the  materials  tested,  the  values 
of  p  and  a  were  such  that  these  multiple  reflections  do  not  con¬ 
tribute  significantly  to  the  output  voltage  wave.  The  total 
insertion  loss  of  the  sample  is  then  given  by  the  ratio 


L 


total 


out  e~w'(l  -  {p-jJKl  -  jp.-j) 


(3) 


ax 

in  which  the  factor,  e  ,  is  the  dissipation  loss  of  the  test 
material.  The  reflection  loss  factor  is 


\  ■  -  -fc-(T 


00 
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Si  the  50  ohm  test  system  used,  the  reflection  coefficients  are 
given  in  terms  of  the  characteristic  impedance,  Z^,  of  the  test 
sample  by 

zt  -  50 

P1  Zt  +  50  ' 

and 

50  -Zt 

P2  50  +  Z 

Therefore,  from  Equation  (h) 


(5) 

(6) 


which  simplifies  to 

(zt  +  50)2 
"4?  =  (100)(2  Zt) 


(7) 


(8) 


The  characteristic  impedance  of  the  test  specimen  is  a  function  of 

&  & 

the  dimensions  of  the  coaxial  line  and  the  u  and  e  of  the  test 

r  r 

material  and  can  be  expressed  as 


where  d^  and  dg  are  the  diameters  of  the  inner  and  outer  conductors 


of  the  coaxial  line.  Substituting  tht  tbIwb,  A,  «  0.102”  end 
d2  =  0.561”,  gives 


(10) 


Substituting  (10)  in  (8)  and  simplifying  gives 


(11) 


Expressing  Lp  in  decibels  gives 


b  ■ 110  10%o 


m 


*  .  1 

Cr  2 


(32) 
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5MHt  DESIGN  PROCEDURE 


The  objective  of  the  taper  design  procedure  is  to  determine 

the  necessary  dimensions  of  the  ceutei  conductor  of  a  coaxial 

line  to  provide  a  fixed  characteristic  impedance  at  every  point 

along  the  taper.  It  is  assumed  that  the  length  of  the  taper  is 

given.  The  taper  length  used  is  not  critical  and  need  only  he  of 

sufficient  length  to  dissipate  the  internal  reflections  at  fre- 

quencies  where  the  p  and  z  of  the  dielectric  material  differ 

r  r 

from  the  values  at  the  design  frequency. 

In  developing  the  necessary  taper  design  equations,  the  initial 
problem  is  that  of  calculating  the  impedance  of  a  coaxial  line 
partially  filled  vitn  a  dielectric  material. 

Referring  to  Figure  1,  Radius  r^  is  hncwn,  being  the  chosen 
dimension  of  the  coaxial  line,  Radius  rg  ia  the  distance  from  the 
center  of  the  lice  to  the  air-dielectric  boundary.  Radius  r^  is 
the  dimension  of  the  center  conductor  which  is  to  be  determined. 

Arts**®  log  IEK  mode  of  propagation  inside  the  lossy  dielectric, 
the  par  unit  inductance  and  capacitance  ere 
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Figure  10.  Taper  Out-line 


vhere  and  are  the  relative  permittivity  and  permeability 
respectively. 

The  characteris'cic  impedance  of  the  line  is 


z0  =  T/W  • 

Substituting  (l)  and  (2)  in  (3)  gives 


(3) 


z  = 
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"i  n  -  J- 

e  m2 
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but 


r  =  6°  • 

o 


(?) 


•  (8) 


-1 


Let 

r  t 

X  =  In  —  and  K  =  In  —  - 

rl  r2 

Making  these  substitutions  in  (6)  gives 


(?) 


(10) 


and  solving  for  X  gives 


X  = 


The  values  of  X  are  obtained  by  substituting  appropriate  values 
into  the  right  hand  side  of  the  equation.  It  is  assumed  that  the 
values  of  and  are  either  given  or  have  been  measured. 

The  value  of  K  is  computed  by  first  measuring  r^  which  may  be 
done  graphically  or  algebraically  (for  simple  xinear  tapers),  vfiuh 
r0  and  r^  available,  K  follows  directly.  Note  that  r2  varies  along 
the  length  of  the  taper.  Consequently,  K  varies  which  determines 
the  different  values  of  X  along  the  taper. 
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Z  is  the  characteristic  impedance  desired  and  is  chosen  to 
o 

match  the  remainder  of  the  transmission  system. 

Once  X  has  been  computed  for  a  particular  point  along  the 
taper,  the  corresponding  center  conductor  radius,  r_,  inme  iiatcly 
follows  from 


.  (15) 
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APPENDIX  D 
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£ 

HIGH  POWER  AMPLIFIER 

To  facilitate  the  testing  of  EF  filters,  a  power  amplifier 
was  designed  and  constructed  which  was  capable  cf  delivering  100 
watts  at  HF  into  a  50  ohm  load.  The  amplifier  consisted  of  a  6cl6 
driver  stage  and  a  4-X1 50A  Class  C  power  output  amplifier  as  shown 
in  the  schematic  of  Figure  1  A  50  ohm  source  capable  of 
supplying  three  volts  rms,  such  as  the  HP  6o6A,  is  used  to  drive 
the  power  amplifier.  The  amplifier  operates  over  the  frequency 
range  of  6.5  to  11  He  on  the  low  band  and  10  to  18  Me  on  the 
high  band. 

The  input  RF  signal  drives  the  grid  circuit,  of  the  6CL6 
through  a  tap  on  the  tuned  grid  circuit.  The  6CL6  driver  operates 
Class  A,  and  its  amplified  output  is  developed  across  the  tuned 
circuit  formed  by  Id.  and  C2.  This  resonant  circuit  serves  as  the 
plate  load  for  the  6CL6  and  the  tuned  grid  circuit  of  the  4X15QA. 
Considerable  care  in  shielding  the  grid  circuit  of  the  6cl6  as 
well  as  careful  grounding  of  the  screen  circuit  were  necessary  to 
prevent  oscillation  in  the  driver  stage. 

The  control  grid  of  the  4X150A  is  biased  at  -150  volns  which 
is  approximately  50  volts  below  cutoff .  The  HP  voltage  developed 
across  the  resonant  circuit  of  LI  and  02  is  sufficient  to  drive 
the  4X150A  into  conduction.  A  Pi  network  is  used  to  match  the 
plate  impedance  of  the  430.50A  grid  to  a  50  ohm  load.  The  meter 
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